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ABSTRACT 
Surface plasmon resonance (SPR) sensing has been demonstrated in the past decade to be 
the gold standard technique for biochemical interaction analysis, and plays an important 
role in drug discovery and biomedical research. The teclmique circumvents the need of 
· fluorescence/radioactive tagging or enzymatic detection, enables ultrasensitive remote 
sensing, and quantitatively monitors bio-interaction in real time. 
Although SPR has these attractive features that can satisfy most research/clinic 
requirements, there still exist problems that limit its applications. First, the reflection 
geometry of the prism coupling scheme adds limitations for high throughput screening 
application. Additionally, SPR instrumentations are bulky and not suitable for point-of-
care settings. Moreover, the SPR sensor is embedded in conventional micro-fluidic cells, 
in which the sensor performance is limited by inefficient analyte transport. Suspended 
plasmonic nanohole array (PNA) offers an opportunity to overcome these limitations. A 
collinear excitation/collection coupling scheme combined with the small footprint of 
PNA provides tmique platform for multiplexing and system minimization. The suspended 
nanohole structure also offers a unique configuration to integrate nano-photonics with 
v 
nano-fluidics. 
This thesis focuses on developing a lab-on-a-chip PNA platform for point-of-care 
bio-detection. To achieve this, we first demonstrate that the figure-of-merit of our PNA 
sensor surpasses that of the prism coupled SPR. We also . show that the ultrasensitive 
label-free PNA sensor is able to directly detect intact viruses from biological media at 
clinically relevant concentrations with little sample preparation. We then present a 
plasmonic microarray with over one million PNA sensors on a microscope slide for high 
throughput screening applications. A dual-color filter imaging method is introduced to 
increase the accuracy, reliability, and signal-to-noise ratio in a highly multiplexed manner. 
Finally, we present a nanoplasmonic-nanofluidic platform enabling active delivery of 
analyte to the sensor. Sensor response time is reduced by an order of magnitude 
compared to the conventional flow scheme. A dynamic range spanning 5 orders of 
magnitude from 103 to 10 7 particles/mL is shown on this platform corresponding to 
analyte concentration sufficient for clinical applications. The proposed approach opens 
up opportunities of a lab-on-a-chip bio-detection system for drug screening, disease 
diagnostic as well as clinic studies. 
Vl 
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Introduction 
Rapid and precise detection ofbiomolecules, such as cells, bacteria, proteins, and viruses, 
is of great importance for a wide range of applications including biomedical research, 
healthcare, pharmaceuticals, and homeland security. For example, ultrasensitive 
biosensor is needed for early detection of cancer and personalized medicine specific to 
individual patients; inexpensive, portable, easy-to-use diagnostic tools are crucial to 
rapidly diagnose diseases, trigger early treatment and thereby reduce death, disability and 
transmission of infections in resource-poor areas; massively multiplexed screening 
technology is necessary to measure large numbers of interactions simultaneously and 
improve drug discovery efficiency. 
Label-free biosensors have recentlyemerged as promising diagnostic technologies 
for the applications listed above. These sensors circumvent the need for -
fluorescence/radioactive tagging or enzymatic detection, and enable simple, rapid and 
sensitive diagnostics. Various sensing platforms based on optical, electrical, and 
mechanical signal transduction mechanisms have been offered for applications ranging 
from laboratory research to clinical diagnostics and drug development to combating 
bioterrorism[lJ(2J[3J[ 4 l. Among these sensing technologies, surface plasmonic resonance 
•··· · .(SPR) sensing methods are particularly promising. Surface plasmon polaritons excited 
are very sensitivity to the dielectric materials in contact with the metal surface. Therefore, 
SPR sensor enables ultrasensitive remote sensing and quantitatively monitors bio-
interaction in real time. Additionally, in commercial SPR instruments, e.g., BIAcore™, 
1 
SPR sensors are integrated with microfluidic cells for automated handling of minimal 
samples. 
Although SPR has these attractive features that can satisfy most research/clinic 
requirements, there still exist problems that limit its applications. The major drawback of 
SPR sensor is the refleCtion geometry of the prism coupling scheme. The complicated 
coupling configuration results in bulky systems that are not suitable for point-of-care 
applications. It also adds limitations for high throughput screening settings. Furthermore, 
recent theoretical · and numerical calculations indicate for sensors embedded in 
conventional microfluidic channels, their performance is often limited by inefficient 
analyte mass transport. Therefore we have to take into account the effects of various 
fluidic integration schemes as they can fundamentally limit the sensor performances. 
Suspended plasmonic nanohole array (PNA) offers an opportunity to overcome these 
limitations. The extraordinary optical transmission (EOT) signal supported by PNA 
creates an excellent detection window enabling spectral measurements with minimal 
background noise and high signal-to-no'ise ratios. The collinear excitation/collection 
coupling scheme combined with the small footprint provides unique platform for 
multiplexing and system minimization. Moreover, it is relatively straightforward to 
integrate PNA sensors with microfluidics. The suspended nanohole structure offers a 
unique configuration for lab-on-a-chip fluidic integration. Sensor performance can be 
further improved by engineering the fluidics for analyte transport. 
This thesis focuses on developing a lab-on-a-chip PNA system for label-free, 
sensitive and rapid bio-detection. To achieve this, we first demonstrate that the PNA 
2 
sensor performance surpasses that of the gold standard surface plasmon resonance (SPR) 
sensor. Then we show that the ultrasensitive PNA sensor is able to directly detect intact 
viruses from biological media at clinically relevant concentrations with little sample 
preparation. Furthermore, over one million of these PNA sensors are integrated on a 
microscope slide for high throughput screening applications. A dual-color filter imaging 
method is applied on the plasmonic microarray to increase the accuracy and reliability in 
a highly multiplexed manner. Finally, we propose and demonstrate a nanoplasmonic-
nanofluidic sensing system to address the mass transport limitation issue. PNA sensors 
integrated in this system reaches sensing equilibrium much faster, as compared to the 
conventional fluidic system. We also show that the proposed system is able to detect 
analyte of concentration as low as 103 particles/mL. This plasmonic lab-on-a-chip sensing 
system, offering ultrasensitive detection, fast response time and highly multiplexed 
screening capability, can have many potential life science applications such as disease 
diagnostic, clinical researches as well as drug screening. 
The entire thesis is divided into six chapters. Each chapter begins with a one- to 
three-paragraph introduction. 
The first chapter deals with the physical principle of the PNA sensor. A general 
overview of biosensor technologies is given in Section 1.1. Fundamental idea of SPR is 
covered in Section 1.2. Section 1.3 describes the PNA sensor in details, including the 
physics of the Fano resonance, analysis of different modes, sensor detection scheme and 
experimental evaluation of the sensor. 
Fabrication techniques for the PNA sensors are presented in Chapter 2. Different 
3 
processmg methods, Ebeam lithography, interference lithography and Deep UV 
lithography, are covered in the first three sections. Additionally, a suspended membrane 
based fabrication technology, nanostencillithography, is presented in Section 3.4 
Chapter 3 focuses on PNA biosensor for direct virus detection. Device operation 
principle is covered in the first section. Section 3.2 lists the surface chemistry and sample 
preparation procedure. Section 3.3 gives an in-depth discussion of the experimental 
results. 
A plasmonic microarray technology, in which multiple biological samples on a 
substrate are detected in a parallel fashion, is described in Chapter 4. Microarray 
fabrication technique is first presented in Section 4.1. Then protein-based biomolecular 
detection on microarray is demonstrated in Section 4.2. Section 4.3 presents a dual color 
imaging method that can improve the microarray performance in a highly multiplexed 
manner. 
Chapter 5 addresses the mass transport delivery problem and proposes an actively 
controlled flow scheme to overcome the limitation. Section 5.1 discusses the analyte 
transport problem first, and then presents a sensing platform merging PNA and 
nanofluidics that can actively deliver analyte towards the sensor. Section 5.2 presents 
another application of this actively controlled flow scheme on photonic crystal biosensors. 
Chapter 6 theoretically and experimentally demonstrates the advantages offered 
by the actively controlled flow method, as compared to the conventional flow scheme. 
The first section provides scaling analysis for the readers to better understand the flow 
principle. More informative finite element calculations are presented in Section 6.2 to 
4 
quantitatively evaluate the system. In Section 6.3, the sensing platform is evaluated by 
detecting virus-like polystyrene particles. 
5 
Chapter 1 
Plasmonic Nanohole Array Biosensor 
Within the last decade, surface plasmon resonance (SPR) have are emerging as an 
attractive technique for quantitative biomolecular analysis and drug discovery processes, 
-wherein the local increase in the refnl.ctive index due to molecular binding near a metal-
dielectric interface can be optically monitored in a real-time and label-free fashion. In 
conventional SPR instruments, light illuminates a glass prism and an evanescent wave 
penetrates through the metal film, known as the Kretschmann configuration. Then 
angular distribution of the reflected light intensity is measured in real time. This setup, 
however, is not easy for system miniaturization and not suitable for multiplexed sensing 
applications. Recent discovery of the extraordinary optical transmission (EOT) effect 
through periodic metallic nanohole arrays shows great potential to miniaturize a label-
free, real-time biosensor and realize high-throughput, multiplex SPR sensing on a 
microarray. In contrast with .the bulky prism coupling used in the conventional SPR, the 
plasmonic nanohole array (PNA) can provide many advantages: firstly, the collinear 
transmission scheme greatly simplifies and miniaturizes system design; secondly, the 
small-footprint sensing probe enables a high packing density for multiplex array sensing; 
moreover, the unique nanohole configuration provides an opportunity for integrated 
fluidic engineering. 
This chapter provides an intuitive understanding of the PNA sensor platform. Major 
biosensor technologies are briefly covered in Section 1.1. Among all these teclmologies, 
6 
SPR sensors that use the label-free detection protocol shows great potential in achieving 
highly sensitive and specific detection analysis, as will be explained in Section 1.2. The 
last two sections cover the plasmonic nanohole array sensor in details. Sensing principle, 
sensor performance, as well as detection scheme will be discussed in these sections. 
1.1 Concept of Biosensor 
A biosensor is a chemical sensing device in which a biologically derived recognition 
entity is coupled to a transducer, to allow the quantitative development of some complex 
biochemical parameters[5l . 
As demonstrated in Fig. 1.1, a biosensor typically consists of a bio-recognition 
component and a bio-transducer component. The recognition components (e.g. tissue, 
microorganisms, organelles, cell receptors, enzymes, antibodies, nucleic acids, etc.), 
often called a bioreceptor, _are biologically derived material or biomimetic component 
that interacts (binds or recognizes) the analyte under study. The biologically sensitive 
elements can also be created by biological engineering. In a biosensor, the bioreceptor is 
· designed to interact with the specific analyte of interest to produce an effect measurable 
by the transducer. High selectivity for the analyte among a matrix of other chemical or 
biological components is a key requirement of the bioreceptor. Once the specific receptor 
binds its specific analyte, the changes from the interaction of the analyte with the 
biological element are detected by a transducer. The transducer, working in a 
physicochemical way (optical, piezoelectric, electrochemical, etc.) will transform the 
signal in to other forms (optical intensity, electric voltage, electric cunent, etc.) that can 
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be more easily measured and quantified. Finally, biosensor reader device with the 
associated electronics or signal processors display the results in a user-friendly way. The 
readers are usually custom-designed and manufactured to suit the different working 
principles of biosensors. The general aim of the design of a biosensor is to enable quick, 
convenient testing at the point of concern or care where the sample was procured. 
Analytes . 
I Bio-receptors 
Biosensor 
Transducer 
+ 
Signal 
Fig. 1.1 Schematic view of a biosensing system. 
A biosensor is an analytical device that combines biological receptors with a physicochemical 
transducer, and it is used for the detection of an analyte . 
. For biosensor development, a number of aspects need to be considered, such as 
transduction signal generation (increase of sigmi.l, decrease of noise, etc.), fluidics design 
(sample injection and drainage, reduction of sample consumption, increase of analyte 
transport, reduction in detection time, etc.), surface immobilization chemistry (analyte 
capture efficiency, elimination of non-specific binding, etc.), detection format (direct 
binding, sandwich-type binding, competitive binding, etc.), and data analysis (extraction 
of information regarding analyte concentration, binding kinetics, etc.). 
In the last decade, many sensing techniques have been proposed. The common 
types of the biosensor include electrochemical[ 6 ][ 71, mechanical[ 8 ][ 9 ][ 10 1and optical 
' [ 11 1[ 121[ 13l[I 4U15 l[ 16l[ 171 techniques. Electrochemical biosensors are normally based on a 
reaction that produces or consumes electrons. The electrons cause some change in the 
electrical properties of the solution that can be sensed out and used as a measuring 
parameter. In mechanical biosensors, a membrane based transducer is coupled with 
bioreceptors. The mass of the membrane changes after the analyte molecule gets attached 
to the membrane. This change in the mass subsequently changes the resonant frequency 
of the transducer and the frequency change is then measured. In optical biosensors, the 
output transduced signal to be measured is light. The accumulation of the captured 
biomolecules is reported by the changes in the optical characteristics of the sensor 
(intensity, spectrum, etc.). Among all these technologies, photonics-based approaches are 
highly advantageous. Optical biosensors allow transduction of the biomolecular binding 
signal remotely from the sensing volume, thereby minimizing sample contamination. 
Unlike mechanical and electrical sensors, they are also compatible with physiological 
solutions arid are not sensitive to changes in the ionic strengths of the analyte solutions. 
Various optical label-free biosensing platforms have been introduced, including, 
9 
but not limited to, surface plasmon resonance, interferometers, waveguides, fiber gratings, 
ring resonators, and photonic crystals. Among these optical sensors, methods exploiting 
surface plasmon resonance are taking the lead. Surface plasmons, electromagnetic 
excitations propagating at metal/dielectric interfaces associated with the collective 
oscillations of electrons, can interrogate minute changes within the close vicinity of the 
interface. In fact, SPR is considered as the gold standard technique for label free-
detection[18l . 
1.2 Introduction of Surface Plasmons 
Surface plasmons (SPs), the science and engineering of electromagnetic waves trapped at 
the metal/dielectric interfaces, has opened up a new realm of possibilities for a broad 
range of applications ranging from biosensing to photovoltaics [19J[ZOJ[Z1l. Within the last 
decade, functional components of unparalleled optical devices creating, manipulating and 
concentrating light at metal surfaces below the diffraction limit are shown. Engineering 
of these functionalities have led to the demonstration of revolutionary concepts such as 
sl.iperlensing and optical cloaking, as well as groundbreaking observations in nonlinear 
photonics and all-optical manipulation. By concentrating electromagnetic fields 
thousands of times smaller than the diffraction limited volume of light, extremely strong 
light-matter interactions leading to orders of magnitude enhanced second harmonic 
generation; fluorescence, surface enhanced Raman scattering, and surface enhanced 
infrared absorption spectroscopy are shown. Developments within the last decade seem to 
hint at a bright future for plasmonic devices. 
10 
(a) (b) 
z (a} 
Dielectric E 
k 
Fig. 1.2 Illustration of the surface plasmons 
(a) · Surface plasmon propagation at an interface between a metal and dielectric medium. (b) 
Surface plasmon dispersion curve. 
Surface plasmons are the waves that propagate at an interface between a dielectric 
and metal layer. As shown in Fig. 1.2 a, these waves are trapped at the metal surface due 
to their interaction with the free electrons of the conductor [221 . During the light-electron 
interaction, the free electrons respond collectively by oscillating in resonance with the 
light wave which constitutes the surface plasmons. This interaction results in a 
momentum mismatch between surface plasmon and free space photon which is due to the 
strong coupling between light and surface charges. In such case subwavelength light is 
confined and enhanced near the metallic surface, and it is the key concept in the many 
fields of nano-optics and metamaterials. Another important consequence of the enhanced 
localized SPR fields is the increase in the emission and scattering signals of molecules 
adsorbed on those nanostructures, which can be by several orders of magnitude. These 
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enhancements m signal are respectively known as the surface-enhanced fluorescence 
effect and the surface-enhanced Raman scattering effect. 
Flow chamber 
Gold film 
Glass slide 
Incident I ight Glass prism 
Fig. 1.3 Excitation of surface plasmons in the Kretschmann configuration for SPR 
In this configuration the light energy for excitation of SPR is coupled into the thin metal film 
through a glass prism. 
Surface plasmons can be excited when electrons near the surface of metal form 
oscillations by externaL light, however, it happens only under some certain conditions. 
Fig. 1.2 b shows that the SP dispersion curve lies under the light conel23l. Therefore, SPs 
cannot be directly excited with. a fi·ee-space incident light source. To match this 
momentum difference, a pnsm IS nonnally introduced. The so called Kretschmam1 
arrangement dominates a wide range of plasmonics-based biosensors at present l24l. This 
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configuration (Fig. 1.3) involves a thin metal film on a prism. The high refractive index 
of the prism matches the tangential component of the wavevector to that of the surface 
plasmons. Although miniaturized versions of Kretschmann-based SPR have been 
commercialized, the instrumentation is still bulky and not suitable for point-of-care 
applications. The reflection geometry of the prism coupling scheme also adds limitations 
for multiplexed applications. 
1.3 Extraordinary Optical Transmission 
The momentum mismatch mentioned above can also be overcome with grating coupling 
scheme where a periodic corrugation is introduced to the metal surface. One important 
example is a physical phenomenon called extraordinary optical transmission. That is 
greatly enhanced light transmission through subwavelength apertures on a metal film due 
to surface plasmon resonance. Our sensor detection scheme is built on the so called EOT 
effect. The transmitted light shows a strongly dispersive Fano phenomenon mode that can 
be exploited for ultrasensitive label-free biosensing. Incident light can be directly coupled 
into multipolar subradiant modes through retardation effects in plasmonic nanohole 
devices. Extremely sharp plasmonic Fano resonances in high quality plasmonic sensors 
present dramatic intensity changes to slightest perturbations within their local 
environment. This intensity difference can be easily distinguished with any optical 
detection instnm1ent (camera and spectrometer, for example). Such sharp resonances 
could open door to a new generation of ultraportable and ultrasensitive plasmonic 
biosensors for detection of biologically important molecules and pathogens. 
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Fig. 1.4 Experimental and simulation results of the transmission spectra from PNA 
.structure 
(a) Experimentally (red curve) and numerically (blue curve) obtained EDT spectra are compared. 
The resonance peaks corresponding to the metal/air interface are indicated. (b) Spectral 
dispersion of the transmission minima is presented as a fimction of the angle of incidence for 
different grating orders. (c) EOT spectra are shown for varying angles of incidence using FDTD 
analysis. 
In our experimental measurements (Fig_ 1.4 a), multiple extraordinary light 
transmission resonances are observed with the creation of surface-plasmon polaritons 
(SPP) corresponding to the different grating orders. For a square lattice, the momentum 
matching condition between the in-plane wave-vectors of the incident photons and the 
surface-plasmon polaritons is fulfilled when the Bragg coupling condition 
r - r + .G + "G tC.,p - /[X - l X - J . y Equation 1.1 
14 
~. 
is met [25 l. Here ksp is the surface-plasmon wavevector, kx incident-light wave vector in-x 
direction (parallel to the metal surface), 8 is the angle of incidence to the surface normal, 
(i, j) is the grating order for reciprocal lattice vector Gx and Gy of the square lattice 
C!Gxl = IGYI = 2tr/ p' pis the periodicity). The wave-vector relation for the SPPs, within a 
first approximation, can be given as 
cdcm 
cd +em Equation 1.2 
where m is the frequency of the incident light and En/Ect is the dielectric constant of the 
metal/interface-medium. The device investigated here is with a periodicity of 600 nrn and 
a nanohole aperture of 200 nrn. Fig. 1.4 b shows the spectral dispersion of transmission 
minima as a function of the angle of incidence for different grating orders. This diagram 
also provides a qualitative guide for the dispersive behavior of the resonant transmission 
maxima. At normal incidence, the transmission resonances corresponding to (0, ± 1 ), ( + 1, 
:~-. 
0) and (-1, 0} grating orders at the metal/air interface are nearly degenerate and 
polarization independent (Fig. 1.4 b). The dispersion of the modes with the varying 
angles of incidence is due to the changing horizontal projection of the incident 
wavevector (kx). As shown in Fig. 1.4 b, the (0, ±1) modes have minimal dispersions for 
small angles of incidence, because kx and Gy are perpendicular to each other. Dispersions 
of the (±1, 0) modes are quite large, because kxand Gx are parallel. Fig. 1.4 c shows the 
FDTD calculated spectral characteristics of the transmitted signals for varying angles of 
incidence. For perpendicularly incident light (8 = 0°), (0, ±1) and (±1, 0) modes are 
subradiant as shown in Fig. 1.4 c (black curve); i.e. , they are weakly coupled to 
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continuum. The ( -1, 0) mode, on the other hand, is superradiant; i.e. , it is strongly 
coupled to continuum and radiative. When illuminated at a nonperpendicular incidence 
angle (8 ~0°), the retardation effects (field gradient created along the surface) allows 
coupling of the incident light to (0, ±1 rand ( + 1, 0) dark modes (Fig. 1.4 c). In our 
experimental measurements (Fig. 1.4 c), splitting ofthese dark modes become observable 
at an angle of incidence 8 ;;:::1 o as confirmed by our FDTD simulations (Fig. 1.4 c, dashed 
line). In agreement with the analytical predictions, ( + 1, 0) modes show strong 
dependence to the angular incidence, whereas the (0, + 1) modes are nearly independent 
and degenerate (Fig. 1.4 c). For angles of incidence 8 ;;:::2o, continuum coupling to the ( + 1, 
0) mode becomes stronger leading to broader resonances and stronger spectral overlap 
with the (0, + 1) modes. For angles of incidence 8 ;;:::6°, the (0, + 1) modes becomes dark 
again. There exists a critical optical regime (angular incidence of 8 ~ 1 °) where the 
spectral overlap of the ( + 1, 0) and (0, + 1) dark modes is small, whereas the incident 
light coupling to them is strong enough to allow modest light transmissions. By 
maintaining such alignment requirements, one can directly couple incident light to the 
spectrally narrow subradiant dark resonances. 
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Fig. 1.5 Pltotonic bands of different surface plasmon resonances in PNA 
(a) Photonic band stt:uctitre (PlJS)· ~1ttitlie .surface plasmon polaritons (SPPs), and (b) the 
transmission spectrum through the perforated metal film are shown. Solid red lines in (a): 
Wood's anomalies. The square shape of the holes was used for computational convenience. Field 
projile~(EJ for the different grating orders at the r -point are shown in the bottom row 
To explain the subradiant and dispersive behavior of the dark modes observed in 
the experiments, we developed a theoretical model based on standard modal matching 
technique[261 . Here the calculations are performed for square aperture arrays due to the 
ease of adapting this technique for such simpler geometries. General features of the 
observed dispersive behavior of the subradiant dark modes are independent from the 
shape of the individual apertures. Application of this technique leads to a relationship 
between the incident Ein and scattered fields E0111 expressed in the matrix form as in 
E
11111 
= SEin , where S ( k, {J}) is the scattering matrix. The dispersion relation of the leaky 
17 
electromagnetic modes m(k) = m,.(k) + imi(k) (where k is the Bloch wave-vector along 
the air-metal interface) is determined by solving the equation det[S(k,mf1]. Fig. 1.5 
shows the photonic band structure (PBS) for k = ex sin 8 mj c k for the structure 
comprised of a 150 nm gold film supl¥.).rted by a 80 nm SiN membrane and perforated by 
a two-dimensional array (periodicity P = 600 nm) of square holes of the sizeD= 200 nm. 
The leaky eigen modes of the structure are employed to explain the experimentally 
observed peaks in the transmission spe~_tra. Quality factor Q = %i of the modes 
determining lifetime of the plasmonic excitations is shown by color in Fig. 1.5 a. It 
characterizes coupling efficiency of the incident radiation to the modes and sheds light on 
the physics behind the observed reflection spectra. 
The calculated PBS of the SPPs supported by the structure reveals four mutually 
orthogonal eigenmodes. These modes have different quality factors revealing their 
different coupling efficiency to the incident radiation. This phenomenon originates from 
the symmetry mismatch with the radiating field of the free space. According to the 
calculated field profiles, these four modes can be classified as (i) two dipolar x (Dx-mode) 
andy (Dy-mode) polarized modes, (ii) one quadrupolar mode (Q), and (iii) one monopole 
mode (M). In the particular case of norinal incidence ( 1 -point) dipolar modes are doubly 
degenerate. For oblique incidence in the x-z plane only one of these two modes (Dx) is 
excited by the p-polarized incident light. The second mode never appears in the 
transmission spectra (Fig. 1.5 b) as in the experiment. The other two modes show rather 
intriguing behavior. For nmmal incidence neither of these two modes can be excited due 
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to the symmetry mismatch with the field of the incident radiation. However, as can be 
seen from Fig. 1.5 b, when the incidence angle is gradually increased, both of these 
modes start coupling to the radiative field more strongly and contributing to the 
transmittance. This behavior is also reflected as decreasing of the modes' quality factor 
(see Fig. 1.5 a) with increasing angle of incidence. The coupling strength increases until 
the bands cross the Wood's anomaly corresponding to the (- 1,0) diffraction order. At 
this point one of the modes, the quadrupolar Q-mode, starts to couple more efficiently to 
the new open diffraction channel and decouples from the (0,0) diffraction order (as can 
be seen from the decrease in the transmission spectrum Fig. 1.5 b capturing only this 
particular order). The quality factor of the Q-mode, on the other hand, remains almost 
unchanged by the crossing of the Wood's anomaly. Therefore, for large incidence angles 
the Q-mode causes the incident radiation to be primarily scattered into the highly oblique 
(-1, 0) diffraction order that is not captured by the objective. On the other hand, the 
monopole M-mode's Q-factor, dramatically decreases after crossing the Wood's anomaly 
because the mode continues to effectively scatter into the (0, 0) diffractive order (in 
addition to the newly acquired (- 1, 0) order). 
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(a) (-1, 0) bright mode, (b)Wood's anomaly, (c) (0, :±1) dark mode and (d) (+1, 0) dark mode 
are shown. Electric field profiles reveal the (e) dipolar, (g) quadrupolar and (h) monopolar 
character of the (-1, 0), (0, :± 1) and (+ 1, 0) modes, respectively. (f) At Wood's anomaly 
excitation of the dipolar field mode is minimal however, finite. 
Subradiant nature of the (0, + 1) and ( + 1, 0) modes can be understood from the 
near-field characteristics of the surface plasmons at the air/metal interface [2?][281. Hy field 
profile of the SPP e- 1, 0) mode for TM-polarized incident light ex-polarized) is shown in 
· Fig. 1.6 a. The standing field pattern ex-direction) in the background is due to the SPP 
excitations, whereas the enhanced hot spots around the rims of the nanoholes in the fonn 
20 
a magnetic dipole are due to excitation of the localized surface plasmons (LSPs )[29]. Near-
field intensities of these local excitations dictate the coupling efficiency of the incident 
light to the Bloch mode of the nanohole openings, thus the strength of the resonant 
transmission. For the (-1. 0) mode, these local excitations have a dipolar mode character 
(Fig. 1.6 e), which allows strong coupling of the incident light to the LSPs and leads to 
enhanced light transmissions in agreement with the experimental observations (Fig. 1.4). 
As shown in Fig. 1.6 b, resonance transmission minimum responsible from the spectral 
Fano line-shape is due to the nearly null-field profile of the SPP excitation at the 
nanohole openings. This null pattern relates two fundamental observations: (i) weak 
coupling of the incident light to the Bloch mode of the nanohole openings leads to 
transmission minimum (Fig. 1.6 f) ; (ii) SPP dispersion relations are minimally affected 
by the lower air-hole conductivities at the resonance minimum due to the negligible 
overlap of the SPP with the holes [JO]. Hence, the resonance minima are observed when 
the Bragg condition corresponding to the excitation of SPPs on a flat unperturbated 
surface is met. As shown in Fig. 1.4 c (black curve), (0, + 1) and (+1, 0) modes are 
subradiant for the perpendicularly incident light; i.e., radiative couplings are minimaL 
However, for incident light impinging with a small angle of incidence to the normal ( 9 
= 1 °), the introduced field gradient (retardation effects) enables coupling of the dipolar 
incident field to the dark modes that have no net-dipole moments (Fig. 1.6 c and d). Field 
profiles of the (0, + I) and (+1 , 0) dark modes confirming their quadmpole and 
monopole character are given in Fig. 1.6 g and h, respectively. As a result, additional 
transmission peaks appear for nonperpendicularly incident light as confirmed by the 
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experimental measurements (Fig. 1.4 c). Unlike previous studies based on nanoparticles 
and metamaterials, the spectral overlap of the dipolar superradiant ( -1, 0) mode to 
monopolar/multipolar subradiant (+ 1, 0) I (0, + 1) modes is minimal (Fig. 1.4a). In other 
words, in-direct coupling of the incident light to the subradiant modes through the 
superradiant mode is negligible (Fig. 1.6 g and h). This leads high-quality factor (Q co, ± l) 
~ 100 and Q(+l , o) ~ 200) resonances. Close agreement with the experimental 
measurements and the numerical simulations is observed (Fig. 1.4 a) without employing 
· any enhanced damping constants for the thin gold films. 
1.4 PNA Detection Scheme 
The PNA detection scheme for the nanoplasmonic sensor is refractive index 
changes. The device consists of a suspended nanohole array grating that couples the 
normally incident light to surface plasmons, electromagnetic waves trapped at 
metal/dielectric interface m coherence with collective electron oscillations. The 
extraordinary light transmission resonances are observed at specific wavelengths, Ares 
approximated by [18, 19] 
p 
A,.es = ~ 
· 2 . ? t+r 
£d£m 
£ + £ Equation 1.3 d 111 
where the grating coupling enables the excitation of the surface plasmons (Fig. 3c,d). 
Here, p is the periodicity of the array, and i and j are the grating orders. This resonance 
wavelength is strongly correlated with the effective dielectric constant of the adjacent 
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medium around the plasmonic sensor. As biomolecules/pathogens bind to the metal 
surface or to the ligands immobilized on the metal surface, the effective refractive index 
of the medium increases, and the red shifting of the plasmonic resonance occurs. Unlike 
techniques based on external labeling, such resonance shifting operates as a reporter of 
the molecular binding phenomena in a label-free fashion and enables transduction of the 
capturing event directly to the far field optical signal. Exponential decay of the extent of 
. the plasmonic excitation results in subwavelength confinement of the electromagnetic 
field to the metal/dielectric interface. As a result, the sensitivity of the biosensor to the 
refractive index changes decreases drastically with the increasing distance from the 
surface, thereby minimizing the effects of refractive index variations due to the 
temperature fluctuations in the bulk medium. 
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Fig. 1. 7 Experimental setup. 
Transmission light through the PNA sensor is couple into a spectrometer for analysis 
To experimentally evaluate the sensing response ofthe PNA sensor, transmission 
spectra are obtained by launching a collimated and unpolarized light at normal incidence 
(Fig. 1.7). The transmitted signal is collected with a 0.7 numerical aperture objective lens 
and coupled into a 500 mm ACTON spectrometer for spectral analysis. Inset shows the 
photo image of the experimental setup. The sensor is embedded in a: customized flow 
chamber and placed on a Canon 500Ti invetied microscope. 
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Fig. 1. 8 Bulk measurement of PNA structures 
(a) Spectral measurements are obtained with the varying concentrations of NaC! for devices 
fabricated with IL-based scheme. (b) Resonance shift is shown in detail for the subradiant (+ 1, 0) 
SPP mode with changing NaC! concentration. (c) Sensitivity of the devices is obtained using a 
linear fitting scheme. 
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To demonstrate the sensitivity of the plasmonic nanosensor, bulk measurements 
are performed. Intrinsic detection limits of the resonance based biosensors are dictated by 
the spectral line widths of the resonances and the refractive index sensitivities of the 
resonance wavelengths [311. In Fig. 1.8, refractive index sensitivities are obtained using 
NaCl solutions (Sigma-Aldrich 99.5%) at varying concentrations (5%, 10%, 15%, 20%) 
in deionized (DI) water with the corresponding refractive indices (1,3418, 1.3505, 1.3594, 
1.3684) obtained at room temperature. As shown in Fig. 1.8 a, Inset, the plasmonic 
resonances are fitted to an analytical Fano interference model given as 
Equation 1.4 
where 11cv = 2fi(w- wJ/f'v , To is the transmission offset, A is the continuum-discrete 
coupling constant, w v is the resonant frequency, 1 v is the full width at half maximum 
(FWHM) of the resonance and q v is the Breit-Wigner-Fano parameter determining 
asymmetry of the resonance profile for the v th resonance state. Refractive index 
sensitivities as high as 717 nm are obtained (Fig. 1.8 c). Remarkably narrow plasmonic 
resonances with 4.29 nm (Q(+l, o) =196.9) are shown in solution (DI water with 10% 
NaCl). Overall performances of the biosensors are often quantified by a general figure of 
merit (FOM) in energy units, 
Equation 1.5 
which is the refractive index sensitivity of the resonance frequency divided by the 
resonance width of the plasmonic resonance. This quantity is widelyaccepted as a proper 
measure for the performance of plasmonic biosensors based on localized and extended 
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surface plasmons[3ZJ[33l. In accordance with the observed spectrally narrow resonances, 
experimental FOM as high as 144.28 are obtained for the subradiant ( + 1 ,0) mode, a 
record high figure showing an order of magnitude improvement over the reported values 
for plasmonic sensor based on nanoparticles and metamaterials. Due to high optical 
quality of the fabricated devices, even the superradiant ( -1, 0) modes are shown to have 
record high experimental figures of merit (FOM ~ 43). 
Prism coupled SPR sensing is the gold standard technique for real-time, label-free 
measurement of biomolecular ipteractions, and plays an important role in drug discovery 
and biomedical research[ 34 l. Any alternative modality must be advantageous in its 
intrinsic detection limits. Nanohole based plasmonic sensors have recently taken much 
interest due to their ultrasmall interrogation volumes and collinear illumination settings. 
Normal excitation of SPPs by grating-coupling in nanohole arrays holds the promise for 
massive multiplexing. However, plasmonic nanohole sensors have not been widely 
adapted as a result of broader resonance line-widths and lower spectral resolutions due to 
larger radiative losses. The widely adapted metric for the intrinsic resolving power of the 
prism coupled SPR sensors is the FOM in wavelengths units, defined as the refractive 
index sensitivity of the resonance frequency divided by the spectral width of the 
resonance. The obtained figure of merit (FOM = 162 in wavelength units) for the ( + 1, 0) 
subradiant dark mode is higher than the theoretically estimated upper limits (FOM = 1 08) 
of the gold standard SPR sensors as well as nearly an order of magnitude larger than the 
previously reported record high FOMs in nanohole sensors using perpendicularly incident 
light. 
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Fig. 1.9 Extremely sharp plasmonic Fano resonances in high-quality nanohole sensors enable 
seeing single biomolecular mono/ayers with naked eye 
(a) CCD images of the transmitted light obtained from detection and control sensors are 
compared. Capturing of the antibody causes a dramatic reduction of the transmitted light 
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intensities through the detection sensors. (b) Transmission spectra are shown before (blue curve) 
and after (red curve) the capturing of the antibody. Spectral characteristic of the notch filter is 
also given (green curve). (c) Transmitted light intensities in the presence of the notch filter is 
given before (blue curve) and afier (red curve) the capturing of the antibody. 
State-of-art detection platforms require mechanical or light isolation as well as 
expensive detection instnrmentation for signal transduction. In our sensing platform, the 
superradiant modes (-1, 0) have strong coupling to the dipolar incident light leading to 
extraordinary light transmission. This strong signal could be easily detected by eye and 
discernible in ordinary laboratory conditions without any mechanical/light isolation. An 
experimental demonstration of this with end-point measurements is summarized in Fig. 
1.9. Initially the surfaces are activated and functionalized (detailed procedure will be 
given in Chapter 4). Protein A/G (Pierce) is chosen as the capturing molecule due to its 
high affinity to IgG immunoglobulins. Blue curve in Fig. 1.9 b shows the transmission 
spectra of a functionalized biosensor acquired from a nanohole array of 90 )liD x 90 ).!ill 
in dimensions. A notch filter (FWHM::::::::; 10 nm) spectrally tuned to the plasmonic 
resonances peak is used to filter the light outside resonant transmission peak of the bright 
(-1 , 0) mode (black curve in Fig. 1.9 b). CCD images of the transmitted light are shown 
in Fig. 1.9 a, in addition to images obtained from an unfunctionalized control sensor. As 
shown in Fig. 1.9 b, capturing of a single monolayer of mouse IgG antibody (Sigma-
Aldrich) causes 22 nm red shifting of the plasmonic resonance. This resonance shift is 
large enough to cause spectral overlapping of the transmission minima (Wood's anomaly) 
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of the nanohole array with the transmission window of the notch filter (Fig. 1.9 c). 
Accordingly, a dramatic reduction in transmitted light intensities is observed after the 
capturing of a monolayer of the antibody. This intensity change is strong enough to 
discern with naked eye in ordinary laboratory settings (Fig. 1.9 a). For the control sensors 
(Fig. 1.9 c), spectral shift is minimal due to nonspecific bindings causing negligible 
change in the transmitted light intensities. This detection scheme, not requiring dark-
environment measurements, utilizes broad-band light sources allowing direct detection 
with human eye without any safety concerns. The transmitted light spectrum through the 
superradiant modes is dependent on the angle of incidence (Fig. 1.4 c). As a result, the 
proposed detection scheme could be implemented by utilizing nearly collimated light 
obtained from an integrated light emitting diode for user. 
Conclusion 
In this chapter, after rev1ewmg state of the art biosensing technologies, we 
introduced an ultrasensitive label-free biodetection technique based on Fano resonances 
in plasmonic nanohole devices. By utilizing spectrally sharp extraordinary light 
transmissions through subradiant dark modes, we showed record high experimental 
figures of merit (FOMs as high as 162) for detection limits surpassing that of the gold 
standard prism coupled surface plasmon sensors. To achieve this, we developed a high-
throughput LIFE nanolithography technique leading to spectrally narrow subradiant dark 
resonances (FWHM of ~4.26 nm) with nearly complete suppression of the radiative 
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losses and high quality factors (Q ~ 200). We also demonstrated direct detection of a 
monolayer of antibodies with naked eye by exploiting strongly dispersive plasmonic 
Fano resonances and the associated Wood's anomalies. The demonstrated label-free 
sensing platform offers unique opportunities for detection of biologically important 
molecules and pathogens in resource poor settings by eliminating the need for labeling 
and optical detection instruments as well as mechanical/light isolation. 
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Chapter 2 
Device Fabrication Techniques 
In general, it is desirable to have high-quality factor plasmonic resonances and enhanced 
near-fields for stronger light-matter interactions. In practice though, both the radiative 
and nonradiative (ohmic) losses exist in nanoplasmonic devices and can severely shorten 
the life-times of the plasmonic excitations. Advantages of plasmonic effects deteriorate 
with increasing losses in many applications. The realization of practical plasmonic 
devices strongly depends on our ability to control these decay channels. Nonradiative 
Drude damping processes are intrinsic to the metals. Radiative losses, on the other hand, 
can be effectively controlled. Surface roughness can cause stronger plasmon coupling to 
the continuum (scattering losses) leading to shorter plasmon propagation lengths and 
spectrally broader resonances. High-quality fabrication methods can help minimizing 
contributions of these radiative decay channels. To achieve this, we introduce an 
exceptional lift-off free evaporation (LIFE) technique for high throughput fabrication of 
plasmonic devices with extremely uniform and precisely controlled nano-features over 
large areas. Three different lithography techniques, aiming at different purposes, are 
incorporated with LIFE technique to pattern the plasmonic nanohole arrays. 
Furthermore, we present a novel fabrication technique based ·on nanostencil 
lithography for high-throughput fabrication of plasmonic structures. The technique 
relying on deposition of materials through a shadow mask patterns nanostructures of 
different shapes on different substrates. Our approach, by enabling the reusability of the 
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stencil and offering flexibility on the substrate choice and nanopattern design, could 
facilitate the transition ofplasmonic technologies to the real-world applications. 
In this chapter, different PNA sensor fabrication techniques will be presented. The 
first three sections cover E-Beam Lithography (EBL), Interference lithography (IL) and 
Deep ultraviolet (DUV) lithography, respectively. All these techniques are used to pattern 
. nanohole arrays on suspended silicon nitride (SiN) membranes, but for different 
applications. The last section covers the nanostencil lithography technique we developed 
based on the SiN membrane structure. 
2.1 Ebeam lithography & LIFE 
Many researchers use EBL for fabrication of integrated devices. With these e-beam tools, · 
a high resolution and rapid tum-around can be achieved, and the tools are affordable by 
many labs in the world. In addition, no masks are needed. 
The lift-off free evaporation technique is summarized m Fig. 2.1 for EBL 
approach. Fabrication consists of four consecutive steps: (i) fabrication of the free 
standing membrane and patterning on the membrane with EBL, (ii) reactive ion etching, 
(iii) oxygen plasma cleaning and (iv) direct deposition of metallic plasmonic devices. 
Unlike, previous studies based on EBL, our fabrication method does not involve any lift-
off processes, and uses well-established positive electron-beam resists. Detailed 
processes are described below: 
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Free Standing Membranes. 
An important consideration here is the mechanical strength of the membranes. As a result 
highly robust low pressure chemical vapor deposition (LPCVD) SiN films are used. 
Starting with a 550 )lm thick silicon wafer coated with 400 nm thick LPCVD SiN on both 
sides, standing SiNx membranes are created using photolithographic and wet etching 
processes [35l. Later, the chips are immersed in KOH solution to create free standing 
membranes. 
Patterning Qf the Membrane 
The SiNx membrane is spin coated with a positive e-beam resist, poly 
(methylmethacrylate) (PMMA) and EBL is performed to define the nanohole pattern in 
the resist (Fig. 2.1 a). N anohole pattern with hole diameters of 220 nm and a periodicity 
of 600 nm is written on PMMA. These patterns are transferred to the suspended SiN film 
with a dry etching process (Fig 2.1b). Ar and SF6 are used to etch through the SiN 
membrane using PMMA as the hard mask. E-beam resist is later removed with oxygen 
plasma (Fig. 2.lc). This process leaves only a patterned SiN film with a suspending 
formation. 
Direct Deposition of Plasmonic N anoholes. 
We use a directional e-beam evaporator to deposit Ti (5 nm) and Au (125 nm) metal 
layers defining the suspended plasmonic sensors with nanohole openings (Fig. 2.1 c). Tllis 
deposition process is observed to be extremely reliable; large areas of metallic nanohole 
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arrays are repeatedly obtained without clogging the opemngs. A small shrinkage of 
nanohole diameter ( <4%) is observed after gold deposition due to a slight coverage of the 
nanohole sidewalls. SEM images ofthe final PNA structure are shown in Fig. 2.le and f. 
(E-beam Exposure) (RIE Etching) 
(c) 
o; o; 
'-J '-J. 
11111 ...,_...,.....,..,.....,.,......,..-~, 
SiHcon 
(Plasma Clean) (Metal Deposition) 
(f) 
Fig. 2.1 Suspended plasmonic nanohole arrays are fabricated using EBL process. 
(a) E-beam lithography and pattern on resist, (b) pattern transfer with RIE etching, (c) swface 
cleaning with oxygen plasma and (d) direct deposition of metallic plasmonic devices . (e) and (/) 
Scanning electron images of the nanoholes are shown from different angles for nanohole arrays 
with 200 nm in diameter and 600 nm in periodicity. 
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LIFE combined with EBL technique eliminates the need for operationally slow 
and expensive focused ion beam lithography. The simplicity of this fabrication technique 
allows us to fabricate nanostructures with extremely high yield/reproducibility and 
minimal surface roughness. However, the key limitations of EBL are time and cost. It is 
not suitable for high-volume manufacturing because of its limited throughput. The serial 
nature of electron beam writing makes for very slow pattern generation compared with a 
parallel technique like photolithography in which the entire surface is patterned at once. 
To pattern a single wafer with au EBL system of 200 urn resolution, it would typically 
take days, not to mention the total cost for that. 
2.2 Interference Lithography 
It is cmcial to introduce low-cost nanofabrication techniques for wide adaptation of nauo-
biochemical sensors. Thus, parallel patterning technique is needed for large-scale and 
cost-effeCtive patterning of nanohole arrays. However, it is difficult to achieve wafer-
scale uniform fabrication of plasmonic nanostmctures by conventional photolithography 
because of the diffraction limit. To solve this problem, interference lithography is 
introduced. 
IL can be conveniently adapted for massively parallel fabrication of plasmonic 
devices over large areas . The IL-based scheme (Fig. 2.1) consists of four consecutive 
steps : (i) spin coating of antireflection and photoresist layers, and wafer-scale patteming 
of plasmonic devices, (ii) side deposition of a metallic mask layer, and reactive ion 
etching of the SiN layer, (iii) fabrication of the free standing nanostructures using wet 
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and reactive ion processes, and (iv) direct deposition of the metal layer. 
Interference Lithography. 
Large area fabrication process starts with spin coating of 140 nm of an antireflection 
coating (ARC) on silicon wafers with 150 nm thick low-stress SiN layers on both sides. 
The ARC (consisting of PMMA mixed with a bis-azide, 4,48-diazidodiphenyl sulfone) is 
applied to suppress the reflection of 193-nm wavelength light from the substrate. This 
layer is irradiated with ultraviolet light at 260 nm for cross-linking, and then baked for 30 
min at 160 °C. Next, 120 nm thick PMMA is spin coated on top ofthe ARC and baked 
for 1 hr at 180 °C. Nanohole pattern is created trough two orthogonal IL exposures each 
at half the full dose (Fig. 2.2a). The resist later developed in 3 : 2 isopropyl 
alcohol:methyl isobutyl ketone. 
RIE Etching of Nanoholes. · 
A thin metallic etching mask is shadow deposited on the patterned resist from four sides, 
and the mask structure is transferred to the ARC layer through an 0 2 RIE process. 
Following the 0 2 etching process, the nanohole pattern is etched most of the way through 
the SiN layer using CF4 gas (Fig 2.2b). Part of the SiN layer is not etched to prevent the 
nanohole patterns from sticking to each other during the KOH etching process. 
Free Standing N anostructures. 
Etching windows for the membranes are defined in the back surface of the wafer using 
photolithography and RIE processes. Next, highly anisotropic KOH wet etching is used 
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to create SiN membranes supported on a rigid window frame of the Si substrate. Finally, 
back etching of the remainder of the SiNx membrane with an RIE process resulted in a 
free standing nanohole membrane (Fig. 2.2c ). 
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Fig. 2.2 Suspended plasmonic nanohole arrays are fabricated using IL process. 
(a) Interference lithography and pattern on resist, (b) pattern transfer with RIE etching, (c) 
suspended membrane formation and (d) direct deposition of metallic plasmonic devices. (e) and (f) 
Scanning electron images of the PNA are shown. 
38 
Direct Deposition of Plasmonic Nanoholes. 
A directional e-beam evaporator is used to deposit Ti (5 nm) and Au (125 nm) metal 
layers defining the suspended plasmonic sensors as described above (Fig. 2.2d). 
2.3 Deep Ultraviolet Lithography 
For a photolithography system, the ability to pattern small feature onto the wafer is 
limited by the wavelength of the light that is used, and the ability of the reduction lens 
system to capture enough diffraction orders from the illuminated mask. However, state-
of-the-art photolithography tools use deep ultraviolet (DUV) light from excimer lasers 
allows minimum feature sizes down to 50 nm. This technique can further lower the 
manufacturing cost and time. Although the DUV stepper is more expensive and a mask-
based technology compared to EBL, it is currently the only way to do circuit-level 
research and demonstrate large-scale integrated photonic ICs. Fabricating 200 or 1000 
chips using DUV lithography is as easy as fabricating one. Using this technology in 
research and in manufacturing saves costs and time in bringing research to the market. 
Moreover, it offers more pattern flexibility as compared to the IL technique which 
patterns only one type of array over the whole substrate. Because the large field size of 
DUV stepper, testing many devices or large parameter sweeps becomes possible. 
The DUV-based scheme (Fig. 2.3) consists of four consecutive steps: (i) Wafer-
.. scale patterning of nanohole arrays using DUV stepper, (ii) reactive ion etching of the 
SiN layer using photo resist as hard mask, (iii) fabrication of the free standing 
nanostructures using KOH wet etching, and (iv) direct metal deposition. 
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DUV Lithography 
A mask with hole structures 4 times larger than the actual nanohole size is made at first. 
ASML S500/300 DUV Stepper is used for the lithography. The wafers enter the step-and-
scan tools through a track, which fully automatically spins the resist and anti-reflective 
coating and performs the pre-bake and after exposure the post-bake steps and 
development steps. The stepper reduces the pattern from the mask by 4 times and forms 
structures on the photoresist. 
RIE Etching of Nanoholes. 
The nanohole pattern is etched all he way through the SiN layer by CF4 gas usmg 
photoresist as the hard mask (Fig 2.3b ). Resist residue is later removed with an oxygen 
plasma cleaning process leaving only a clean patterned SiN layer. 
Membrane formation. 
We create standing SiNx membranes using photolithographic and a wet etching processes. 
Initially, 2 11m thick MICROPOSIT™ S1818™ positive photoresist is spin coated, and 
800 11m x 800 11m apertures on the SiNx layer are defined by photolithography with 
SUSS MicroTec MA/BA6 Mask Aligner. Photolithographic pattern is transferred to the 
backside of the wafer using a RIE process with Plasma Therm 790 RIE/PECVD System. 
Later, the chips are immersed in KOH solution to create free standing membranes. ~200 
11m x 200 11m and free standing SiN membranes are obtained once the etching stops at the 
pattemed layer. 
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Metal deposition. 
An e-beam evaporator is used to deposit Ti (5 nm) and Au (125 nm) metal layers defining 
the plasmonic nanohole sensors as described above (Fig. 2.3d). 
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Fig. 2.3 Suspended plasmonic nanohole arrays are fabricated using DUV lithography process. 
(a) D UV lithography and pattern on resist, (b) pattern transfer with RIE etching, (c) suspended 
membrane formation and (d) direct deposition of metallic plasmonic devices. 
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Refractive index sensitivities of the ( -1 , 0) mode from different fabrication 
methods are obtained by bulk measurements. Device parameters are compared for the 
sensors fabricated using EBL-, IL- and DUV- based LIFE lithographies in Table 2.1. For 
the sensors fabricated with IL and DUV scheme, the hole pattern around the sensing area 
is expected to reflect back the outgoing SPPs to the detection volume, even though the 
reflecting boundary conditions are not fully optimized. As a result, slightly enhanced 
refractive index sensitivities for the devices are associated to the effectively longer 
interaction times of the SPPs with the dielectric medium. 
EBL fabricated IL fabricated DUV fabricated 
Line width (nm) 15.47 14.47 14.5 
Shift/RIU (nm) 650 690 685 
Q-factor 57.2 58.9 57.8 
FOM 42 46.8 47.2 
Table 2.1. Device parameter obtained from refractive index measurements are summarized for 
the EBL, IL and DUV fabricated devices 
2.4 Nanostencil Lithography 
The introduction of high-throughput and high-resolution nanofabrication techniques 
operating at low cost and low complexity is essential for the advancement of 
nanoplasmonic and nanophotonic fields. The most common top-down nanopatterning 
techniques with high resolution are electron beam[ 36 1 and focused ion beam[ 37 l 
lithography. EBL is mostly used for on-chip plasmonic nanoparticle array fabrication, 
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while focused ion beam (FIB) tools are reserved primarily to fabricate nanoapertures in 
metallic films. Both EBL and FIB offer tremendous flexibility in creating large variety of 
nanostructure geometries and patterns at high resolution. However, their major drawback 
is the low-throughput. Each nanostructure is lithographically defined in a serial manner, 
which is both slow and expensive. The LIFE technique we presented above eliminates the 
need for FIB lithography for nanoaperture fabrication. In this section, we introduce a 
novel fabrication approach based on suspended SiN membranes to replace EBL for high-
throughput fabrication of nanoparticle arrays. 
The innovative approach is nanostencil lithography (NSL). NSL is a shadow-
mask patterning technique[381 [391[40J[4 IJ[421 [431that is widely used in microelectronics and 
can allow fabrication of structures at sub-1 00 nm resolution. The method relies on direct 
deposition of materials through a prepattemed mask. The deposited material could be 
metallic, dielectric, and organic. The mask, which acts as a stencil, is fabricated on 
suspended silicon nitride membrane using EBL (or FIB) and dry etching methods. The 
stencils containing large numbers of nanoapertures/nanoslits with variety of shapes, sizes, 
· and arrangements can be fabricated on wafer scale for high throughput nanofabrication 
applications. When placed in contact on a desired substrate, direct deposition of materials 
(such as noble metal) enables lift-off free fabrication of nanoparticles and nanowires with 
high reliability and uniformity. Since NSL does not require any resists, it has the 
advantage of reducing the fabrication steps and allowing the patterning on different types 
of substrates. Another advantage of NSL is that the masks can be reused to pattern the 
same nanostructures multiple times with minimal effort. 
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(b) Antennas 
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Gold Deposition 
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Fig. 2.4 Nanostencil lithography, a shadow-mask patterning technique, is used for high-
throughput fabrication ofplasmonic antenna arrays. 
(a) Fabrication of free-standing membrane and nanostencil is illustrated from I to 4. Dry and 
wet etching processes and EEL are used for achieving precisely defined pattern of 
nanoapertures/slits on the membrane. (b) (i) Top and angled SEM images of the gold nanorod 
with JIOO nm length, 230 nm width, and 100 nm height are shown. (ii) Gold deposition scheme 
with reusable mask is illustrated. (iii) Top view and cross sectional images of the stencil are 
shown. 
Nanostencil technique, summarized in Fig. 2.4, consists of three stages, (i) 
fabrication of the free-standing membrane, (ii) patterning on the membrane, and (iii) 
direct deposition of metallic plasmonic devices . Processing steps for free-standing 
membrane fabti cation is illustrated in Fig. 2.4a, which is almost the same as the method 
44 
presented in Section 2.1. We start with 550 ll m thick silicon wafer coated with 400 nm 
thick LPCVD SiN on double sides. After cleaning with organic solvents, 2 )lm thick 
MICROPOSIT Sl818 positive photoresist is spin coated. Apertures of 800 )liD X 800 
)liD on the SiNx layer are defined by photolithography with SUSS MicroTec 
MA/BA6Mask Aligner and reactive ion etching (RIE) with Plasma Therm 790 
RJE/PECVD System. Then, the chips are immersed in KOH solution to selectively etch 
Si layer. Finally, 200 )lm X 200 )liD and 400 nm thick free-standing SiNx membranes 
are obtained once the etching stops at the SiNx layer. Si is etched with 54.7° angle side-
wall profile, as shown at Fig. 2.4 a. Prior to the patterning, SiNx layer is thinned down to 
70 mn to obtain fully etched nanoapertures. Next steps involve spinning of positive e-
beam resist, PMMA, followed by e-beam exposure using Zeiss Supra 40VP with 
GEMINI electron-optics column. Here, EBL is needed only once for the creation of the 
mask, since the mask can be used multiple times. After development of PMMA resist, 
patterns are transferred to the SiN membrane by R1E using SF6 and Ar gases. The 
resulting structure used as stencil. The top and the cross sectional views of a fabricated 
stencil masks are show in Fig. 2.4 b. The final stage of our nanostencil method involves 
direct deposition of the plasmonic structures to the desired surface. To get high quality 
structures, the gap between the substrate and the mask must be minimized. The stencil is 
directly placed on the substrate and secured tightly with clips so that the silicon side is 
facing up, while the patterned SiN layer is nominally kept in contact with the substrate. 
Directional gold deposition at 3 X 10-6 Torr is performed in CHA-600S e-beam 
evaporator for 100 nm gold film without depositing any prior adhesion layer (such as Ti 
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or Cr) (Fig. 2.4b ). Unlike EBL, an adhesion layer is not necessary since NSL does not 
require metal liftoff processes. When the mask is removed from the substrate, it leaves 
plasmonic nanostructures on the substrate with the shapes complementary to the 
nanoapertures. 
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(a) SEM image of the stencil mask. (b) The gap between the stencil and the substrate will 
sacrifice the resolution. Evaporated gold goes under the stencil because of the gap, forming 
shadow parts. (c) (d) SEM images of the structures deposited on a Si substrate and on the PDMS 
substrate. Tapered structures and halos can be seen from the inset in (c) for the Si substrate. (e) 
(f) 3D AFM images of the structures deposited on the Si substrate and on the PDMS substrate. (g) 
(h) Line profiles obtained from AFMfor the structure deposited on a Si substrate and on a PDMS 
substrate. Compared to the particles on PDMS, structures on Si have a tapered wall profile with 
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less height than evaporated because of the non-directional evaporation and the stencil- substrate 
gap. 
Although NSL offers great flexibility in fabricating engineered nanostructures for 
metamaterials[441 [451 and plasmonics[46H471 [481 , there are some inherent limitations to the 
. resolution of NSL. Process flow involves placing the stencil directly on top of the 
substrate and fixing typically with clips or tapes. This implementation inevitably results 
in a gap between the stencil and the substrate as a result of factors such as uneven surface 
topology and bending/curving on the membranes. The stencil-substrate gap causes 
several problems during material (such as metal) deposition. This gap and the associated 
problems are illustrated in Fig. 2.5b. One problem is linked to the shadowing effect[49J[SOJ_ 
The finite size of the metal source and the distance between the source and the mask lead 
. ..-.: . 
to nondirectional evaporation resulting in material deposition not only on the area directly · 
under the stencil apertures, but also underneath the sten:cil membrane. As shown in Fig. 
2.5b, because of this problem, fabricated nanostructures have dimensions larger than that 
of the nanoapertures on the stencil. Furthermore, their vertical profile is tapered and the 
thickness is reduced compared to the deposited material. The second problem is linked to 
the surface diffusion[ 511 . When the newly deposited materials reach the previously 
deposited area, they remain mobile. Because of the non-zero stencil-substrate gap, the 
materials spread laterally to energetically favorable areas and form a thin halo layer 
around the main nanostructure as shown in Fig. 2.5b. These imperfections can ultimately 
compromise the resolution of NSL and prevent fabrication of nanostructures with sharp 
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edges and small gaps. As we show below, these limitations can be overcome when NSL 
is implemented on polymeric substrates presenting an external elastic adhesive surface, 
such as solid PDMS[521, which has repeating units of -O-Si(CH3) 2- groups. This chemical 
structure leads to a hydrophobic surface with a surface free energy of 20 erg cm-2 . The 
low surface energy and the elasticity of PDMS enables sufficient interfacial interactions 
which can promote weak bonding of PDMS with a SiN based stencil mask. The bonding 
minimizes the problems associated with the stencil-substrate gap and results in nearly 
perfect transfer of the nanoparticle pattern with geometries complementing the apertures 
on the stencils. 
Fig. 2.5 illustrates the difference of stencil lithography on rigid silicon (Si) and 
flexible PDMS substrates. Fig. 2.5 a shows a SEM image of the stencil used for 
fabrication of nanorod arrays on both PDMS and silicon substrates. Fig. 2.5 c shows a 
SEM image of the gold nanorod arrays deposited on the Si substrate. Compared to the 
stencil dimensions, the fabricated structures on silicon have larger sizes and ill-defined 
boundaries because of side depositions (shadows) in the presence of a finite stencil-
substrate gap. The gold scattering causes more than 50 nm enlargements on each side of 
the nanostructures. Also, the rods on the silicon substrate have round edges with a halo 
around the particle. The halo formed as a result of material diffusion is visible in the inset 
image. Atomic force microscopy (AFM) measurements have been performed to 
investigate the height and the vertical wall profile of the fabricated nanostructures on 
both surfaces. A three-dimensional AFM image and line scans of nanorods on silicon are 
shown in Fig 2.5 e and g, respectively. Since pali of the deposited gold scatters on the 
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surface underneath the membrane, the thickness of the nanorods on the silicon surface 
reduces to 120 nm (compared to 150 nm thick material deposited). Also, the deposited 
structure on silicon has a tapered vertical profile. On the other hand, the structures 
fabricated on PDMS are well defined and have sharp edges. Their SEM and AFM images 
as well as line scan showing vertical profile are given in Fig. 2.5 d, f and h, respectively. 
The size and shape of the nanorods are nearly the same as the apertures on the stencil. 
The device features are well defined including sharp edges. Neither shadowing nor 
diffusion of the deposited gold is observed on the polymer substrate since the gap is 
minimized. The fabricated nanorods have vertical side walls and clear boundaries similar 
to the nanorods that are fabricated with high-resolution EBL. These results show that by 
incorporating polymeric interfaces, we can significantly improve the resolution of the 
high throughput and low-cost NSL technique and achieve highly repeatable 
nanopatterning. 
Traditionally, NSL relies on direct deposition of materials through a patterned 
mask. However, instead of evaporating materials, we can also use the stencil to incubate 
and pattern biomolecules with nanoscale features. High throughput patterning of 
biomolecule nanoarrays can be achieved on biocompatible polymer surfaces like PDMS. 
The stencil fabrication process results in a truncated pyramid-shaped reservoir and a 
nanopatterned SiN mask underneath (Fig. 2.6a). Using this unique configuration, we can 
incubate biosolutions in the reservoir. The SiN mask shadows the biosolution around the 
ape1iures, and biomolecules are patterned through these apertures onto the substrate (Fig. 
2.6b). Nanoscale protein patterns with feature size down to 100 nm are achieved. 
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Fig. 2. 6 NSL technique is used to generate biomolecule patterns. 
(a) Schematjc view of a stencil. The stencil has arrays of reservoirs and a SiN mask with 
nanoapertures under each reservoir. (b) Schematic diagrams of the NSL bionanopatterning 
technique. Oxygen plasma is applied to make the PDMS swjace hydrophilic. Biomaterials are 
incubated in the reservoir and patterned through the apertures on the mask. Well-defined 
biopatterns are left on the substrate after the stencil removal. (c) SEM images of three different 
stencil masks are shown. From left to right: a hole array with 900 nm diameter and 1.5 pm pitch, 
parallel lines with 800 nm width and 2 pm spacing, and a cross shaped array with I pm line 
width. (d) TRITC labeled antimouse IgG is incubated in the stencils. Fluorescence images of 
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patterned antibody are shown. Each array is generated using the corresponding stencil mask 
shown above. 
In order to demonstrate the design flexibility of our patterning approach at 
nanoscale, we prepared several different stencil designs. Fig. 2.6c shows the SEM images 
of three stencils: hole array with 900 nm diameter and 1.5 )lm pitch, lines with 800 nm 
width and 2 )lm spacing, as well as an array of cross shapes with 1 )lm line width. 
Tetramethylrhodamine isothiocyanate (TRITC) labeled antimouse IgG (Sigma-Aldrich) 
is patterned on a PDMS surface using these stencils. First, we dilute the antimouse IgG to 
1 mg/mL in phosphate-buffered saline (PBS, pH= 7.4), then we spot the solution into the 
reservoirs using pipet. After incubation in a parafilm-sealed Petri dish at room 
. temperature for an hour, the sample is rinsed with PBS and DI water to remove the 
excess biomolecules and blow-dried by nitrogen. In the final step, we peel the stencil off 
from the PDMS substrate and check the patterns under fluorescence microscope. The 
fluorescence images of the antibody array on PDMS surface are shown in Fig. 2.6d. 
These features, which respectively correspond to stencils in Fig. 2.6c, indicate that the 
biomolecules are uniformly patterned with high fidelity. Furthermore, different kinds of 
protein arrays can be generated simultaneously on the same substrate by filling each 
reservoir with different biosolutions. And the stencil can be reused many times to 
generate a series of identical biomolecule patterns. This bionanopatterning method, 
enabling the reusability of stencil and simultaneous patterning of a broad range of 
biomolecular probes, can significantly lower the complexity as well as the cost of 
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biomolecule patteming at nanoscale, and find applications in laboratorial and clinical 
studies. 
Conclusion 
The introduction of high-throughput and high-resolution nanofabrication techniques 
operating at low cost an~ low complexity is essential for the advancement of 
nanoplasmonic and nanophotonic fields . In this section, we present several fabrication 
approaches for high-throughput fabrication of plasmonic devices. The LIFE lithography 
technique eliminates the slow and expensive FIB lithography for nanoaperture patterning, 
while the nanostencil lithography replaces EBL for high-throughput fabrication of 
nanoparticle arrays. These nanofabrication schemes, enabling the high throughput, high 
resolution as well as wafer scale process, could significantly speed up the transition of 
plasmonic devices into the real-world applications. 
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Chapter 3 
Plasmonic Nanohole Array Sensor for Direct Virus Detection 
Fast and sensitive virus detection techniques, which can be rapidly deployed at multiple 
sites, are essential to prevent and control future epidemics and bioterrorism threats. Our 
interests are mainly focused in detection and recognition of small, enveloped RNA 
viruses. As a family, viruses that utilize RNA as their genetic material make up many of 
the alarming new infectious diseases (category A, B, and C biothreats) and are a large 
component of the existing viral threats (influenza, rhinovirus, etc.). Some of these viruses, 
e.g., the Ebola hemorrhagic fever virus, are both emerging infectious and biological 
threat agents.[SJJ[S4J Patients presenting with RNA virus infections often show symptoms 
that are not virus specific[SSJ. Thus, there is great interest in developing sensitive and 
rapid diagnostics for these viruses to help direct proper treatment. 
In this chapter, we demonstrate the label-free PNA sensor can directly detect 
intact viruses from biological media .at clinically relevant concentrations with little to no 
sample preparation. The sensor utilizes group-specific antibodies for highly divergent 
strains of rapidly evolving viruses. So far, the questions remain for the possible 
limitations of this technique for virus detection, as the penetration depths of the surface 
plasmon polaritons are comparable to the dimensions of the pathogens. Here, we 
demonstrate detection and recognition of small enveloped RNA viruses (vesicular 
stomatitis virus and pseudotyped Ebola) as well as large enveloped DNA viruses 
(vaccinia virus) within a dynamic range spam1mg 3 orders of magnitude. The PNA 
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sensing platform, by enabling high signal to noise measurements without any mechanical 
or optical isolation, opens up opportunities for detection of a broad range of pathogens in 
typical biology laboratory settings. 
Section 3.1 serves as a useful introduction of the device operation principle. 
Section 3.2 describes the surface chemistry on gold substrate, i.e. how can we immobilize 
bioreceptors on the sensing surface for specific bio-recognition. Experimental results for 
virus detections are included in the last section. 
3.1 Device operation principle 
The EOT signals in plasmonic nanohole arrays create an excellent detection window 
enabling spectral measurements with minimal background noise and high signal-to-noise 
ratios. Detection scheme based on our nanoplasmonic sensor was illustrated Section 1.4 . 
. 
The resonance wavelength is strongly dependent on the dielectric constant of the medium 
around the nanoholes, and can interrogate very small changes within the close vicinity of 
the interface. As biomolecules bind to sensor surface, the effective refractive index of the 
medium increases, and the red shifting of the plasmonic resonance occurs. This resonance 
shifting operates a label-free fashion and transduces the capturing event directly to the far 
field optical signal. Questions remain for the possible limitations of the teclmique as the 
penetration depths of the surface plasmon polaritons are comparable to the dimensions of 
the viruses. 
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Fig. 3.1 Three-dimensional renderings and the experimental measurements illustrate the 
detection scheme using nanoplasmonic biosensors. 
(a) Detection (immobilized with capturing antibody targeting VSV) and control sensors 
(unfunctionalized) are shown. (b) VSV attaches only to the antibody immobilized sensor. (c) No 
observable shift is detected for the control sensor after the VSV incubation and washing. (d) 
Accumulation of the VSV due to the capturing by the antibodies is experimentally observed. A 
large effective refractive index increase results in a strong redshifting of the plasmonic 
resonances. 
Fig. 3.1, demonstrates a typical set of experimental end-point measurements for 
selective detection of vesicular stomatitis virus (VSV) at a concentration of 109 PFU/mL. 
Here, the transmission light spectra are acquired from an PNA of 90 )lm X 90 )lm with a 
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periodicity of 600 run and an aperture radius of 220 run. Spectra are given for both before 
(blue curve) and after (red curve) the incubation of the virus-containing sample. The 
sharp resonance feature observed at 690 run (blue curve) with 25 run full width at half-
maximum (fwhm) is due to the extraordinary light transmission phenomena through the 
optically thick gold film. This transmission resonance (blue curve) corresponds to the 
excitation of the ( -1 ,0) grating order SPP mode at the metal/dielectric interface of the 
antibodyimmobilized detection sensor. After the incubation process (enabling the 
diffusive delivery of analytes) with the virus containing sample, a strong red-shifting 
(about 100 run) of the plasmonic resonance peak is observed (red curve) in end point 
measurements. This red-shifting is related to the accumulated biomass on the · 
functionalized sensing surface. Such a strong resonance shift results in a color change of 
the transmitted light, which is large enough to discern visually without a spectrometer. 
For the unfunctionalized control sensors (Fig. 3.1c), a negligible red shifting (about 1 run) 
of the resonances is observed (blue vs red curves), possibly due to the nonspecific 
binding events. This measurement clearly demonstrates that sensors are promising 
candidates for specific detection of viruses. At lower concentrations of viruses (<108 
PFU/mL) spectral shifts are more modest and require spectral measurements. However, 
considering that concentrations of certain types of viruses in infeQ.ted samples reach 
concentrations comparable to our visual detection limit, our platform offers unique 
opportunities for the development of rapid point-of-care diagnostics[56l. 
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3.2 Surface chemistries and sample preparation 
Our sensing platform uses antiviral immunoglobulins immobilized at the sensor surface 
for specific capturing of the virions. It allows us to take advantage of group-specific 
antibodies, which have historically been able to identify a broad range of known and even 
previously unknown pathogens (i.e., novel mutant strains). In addition, our detection 
platform is capable of quantifying virus concentrations. Such quantitative detection 
makes it possible to detect not only the presence of the intact viruses in the analyzed 
samples but also the intensity of the infection process Another advantage of this platform 
is that due to the nondestructive nature of the detection scheme, captured virions and their 
nucleic acid load (genome) can be used in further studies[571 . In this study, experi~ents 
are performed in ordinary biosafety level 1 and 2 laboratory settings without any need for 
mechanical or light isolation, as expected from any practical technology 
VSV and Virus Pseudotypes 
Baby hamster kidney (BHK) cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 7% fetal bovine serum and 2 mM glutamine. Cells were 
grown to 85-95% confluence and then infected with VSV (Indiana serotype, Orsay strain) 
in DMEM at a low multiplicity of infection (MOl = 0.01). Twenty-four hours post 
infection (hpi), media were harvested and virus titer was determined by plaque assay. We 
also used VSV that was engineered to lack the VSV glycoprotein but contain the gene for 
the Ebola glycoprotein. The resulting virus expresses the glycoprotein from Ebola Zaire 
and incorporates this protein as its envelope glycoprotein, a process known as 
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pseudotyping. The VSV pseudotyped with Ebola GP (PT-Ebola) was grown in a similar 
fashion to that described for wild-type VSV, but media were harvested at 48 hpi. Purified 
virus was obtained through sedimentation of virus at 1 OOOOOg for 1 h followed by 
resuspension in PBS or 1 OmMTris pH 8.0. Resuspended virus was checked for purity by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie 
Blue staining, aliquoted and stored at -80 °C. Vaccinia Virus. A549 cells were cultured in 
medium described above. Cells were infected with Vaccinia (Western Reserve strain) in 
DMEM at an MOl= b.Ol. Twenty-four hours postinfection virus was harvested and virus 
titers were determined via plaque assay. Aliquots were stored at -80 °C. 
Antibodies 
8G5 antibodies targeting the single external VSV glycoprotein were a kind gift from 
DouglasS. Lyles (Wake Forest). Antibodies were obtained from hybridoma supernatants. 
Purification of 8G5 antibodies from hybridoma supernatants was accomplished by 
protein A purification. M-DA01-A5 antibodies targeting the Ebola glycoprotein were a 
kind gift from Lisa Hensley (The United States Army Medical Research Institute of 
Infectious Diseases-USAMRIID). A33L antibodies against Vaccinia virus were a kind 
gift from Jay Hooper (USAMRIID). 
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Fig. 3.2 Surface functionalization scheme for PNA. 
(a) Immunosensor surface functionalization is illustrated in the schematics. Antiviral 
immunoglobulins are attached from their Fe region to the surface through a protein A/G layer. (b) 
.,........ .··o:._ ;; ···. 
Sequential functionalization of the bare sensing surface is illustrated (black) for the nanohol'e · 
sensors. Immobilization of the protein AIG (blue) and viral antibody monolayer (red) result in the 
red shifting of the EPT resonance by 4 and 14 nm, respectively. 
Surface Functionalization 
Surfaces are i1mnobilized with protein A/G (Pierce, IL) at a concentration of 1 mg/mL in 
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PBS (lOmM phosphate buffer, 137mM NaCl, and 2.7 mL of KC1).61 Protein A/G is 
chosen as a template for the immobilization of the virus-specific antibodies due to its 
high affinity to the Fe region of the IgG molecules[SSJ[S91 . Protein AG is a recombinant 
fusion protein that contains the four Fe binding domains of protein A and two of the 
protein G. Unlike protein A, the binding of chimeric protein A/G is less dependent upon 
the pH. The elimination of the nonspecific binding regions to the serum proteins 
(including albumin) makes it an excellent choice for immobilization of the 
immunoglobulins. Proper orientation of the antibodies is imposed by this template (Fig. 
3.2a). 
Antibody Immobilization. 
Specific detection of viruses m a label-free fashion requires an effective method to 
distinguish nonspecific binding of the viruses to the plasmonic sensor surface. Selectivity 
is achieved by surface immobilized highly specific antiviral immunoglobulins showing 
strong affmity to the viral membrane proteins, called glycoproteins (GPi60 l. GPs are 
presented on the outside of the assembled virus membra~e and bind to receptors on the 
host cell membrane in order to enter the cell. Antibodies that recognize the VSV-GP 
(8G5)[61 H621, that recognize Ebola- GP (M-DA01-A5), and that recognize Vaccinia-GP 
(A33Li631 were spotted on an array of sensors at a concentration of 0.5 mg/mL in PBS 
(Fig. 3.2 a). The sensitivity of any immunoassay is highly dependent on the spotting of 
the antibodies. Higher concentrations of antiviral antibodies with respect to the virion 
concentrations are needed [virion] < [IgG], so that the spectral shift is proportional to the 
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concentration of the virions instead of being limited by the antiviral immunoglobulin 
. [64] 
concentratwn . 
After 60 min of incubation, unbound antibody was removed by a three-step post 
· incubation washing process. No blocking agent was needed to block the antibody-free 
protein A/G surface, since the viruses do not directly bind to the protein A/G 
functionalized surface[ 651 . The successful functionalization . of the sensing surface is 
monitored with end-point measurements after each incubation and washing processes. As 
shown in Fig 3.2 b, the accumulated biomass on the sensing surface results in red shifting 
of the air ( -1 ,0) resonance (black curve) due to the increasing local refractive index at the 
metal/dielectric of interface of the nanoplasmonic biosensor. Initially, a red shifting for 
about 4 nm was observed (blue curve), after the protein A/G functionalization. Protein 
AIG template is then used to immobilize the 8G5-VSV specific antibodies at a 
concentration of 0.5 mg/mL. A spectral shift of 14 nm (red curve) is observed after the 
antibody immobilization, confirming the successful functionalization of the surface. 
Reference Sensors. 
Reference sensors were incorporated into the chip design to correct for any drift and 
noise signal due to the unexpected changes in the measurement conditions or nonspecific 
binding events. Two different types of spotting conditions, one functionalized with 
protein A/G only and one without any functionalized biomo1ecules, were tested to 
determine the optimum configuration for the reference sensors. For the control sensors 
functionalized with protein A/G, it was observed that after the introduction of the 
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antibodies to the detection sensor, a red shifting of the resonance is observed. This 
observation is associated to the relocation of the antiviral immunoglobulins, during the 
washing processes, from antibody immobilized detection spots to the protein AJG 
immobilized control spots as a result of the high affinity of the protein AJG to the IgG 
antibodies. On the other hand, for the reference sensors with no protein AJG layer, red 
shifting of the resonance after the introduction of the viruses was minimal. Accordingly, 
unfunctionalized nanohole sensors were used for the reference measurements. 
3.3 Direct Virus Detection 
For broad adaptability of our platform, detection of hemorrhagic fever viruses (e.g. , 
Ebola virus) and poxviruses (e.g., monkeypox or variola, the causative agent of smallpox) 
is an important test. These viruses are of particular interest to public health and national 
security661 l671 . Though we were not able to directly test these viruses because ofbiosafety 
considerations, we use a genetically derived VSV-pseudotyped Ebola (PT-Ebola), where 
the Ebola glycoproteins are expressed on the virus membrane instead of the VSV's own 
glycoprotein[681• 
PT-Ebola 1s a viable surrogate to analyze the behavior of Ebola, smce the 
expressed glycoprotein folds properly and is fusion competent. The pseudotyped viruses - · 
have been successfully used as vaccine against Ebola in nonhuman primate models and 
can be used at lower biosafety levels (BSL2 versus BSL4). For these experiments, 
antibodies against the Ebola glycoprotein were immobilized on the 9 of 12 sensors on a 
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single chip, while three sensors were reserved for reference measurements. Successful 
functionalization of the protein NG and the antibodies was confirmed by spectral 
measurements (Fig. 3.3a). Following the immobilization of the antibodies, PT-Ebola (at a 
concentration of 108 PFU/mL) in a PBS buffer solution) was added onto the chips and 
incubated for 90 min. After the washing process, transmission spectra were collected (Fig. 
3.3a). Consistent red shifting of the plasmonic resonances was observed on antibody 
coated spots indicating PT-Ebola detection (> 14 nm red shift), while reference sensors 
showed no spectral shift (red bars, Fig. 3.3b). This occurred with high repeatability (nine 
of nine sensors) and excellent signal-to-noise ratios. 
(~ 1.0 (b) 5 
.Q (/) • PT·Ebola Virus _. 
• Reference Sensor (/) c::: 
(/) <!) 
·E 0.8 E 3 
(/) ~ c::: ::s ro 
t= 0.6 
(/) 
ro 
-Activated Sensor <!) 
E - ProteinNG ~ 1 
..... 
- M·DA01-A5 Ab 0 
z 0.4 - PT-Ebola Virus 
660 700 740 0 5 10 25 
Wavelength (nm) Resonant Shift (nm) 
(c) 1.0 - Activated Sensor (d) 
c::: - ProteinNG 
• Vaccinia Virus 0 
- A33LAb (/) 
"iii - • Reference Sensor c::: (/) Q) 
·E o.8 E 
(/) <!) 
c::: ..... 
ro ::s t= 0.6 (/) ro 
Q) 
E ~ 1 
..... 
~ 0.4 
660 700 740 0 5 10 15 20 
Wavelength (nm) Resonant Shift (nm) 
Fig. 3.3 Detection of PT-Ebola and Vaccinia virus at a concentration of 108 PFU/mL. 
(a) (c) Spectral measurements for PT-Ebola and Vaccinia viruses are shown, respectively. (b) (d) 
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Repeatability of the measurements is demonstrated with measurements obtained from multiple 
sensors (blue). Minimal shifting due to nonspecific bindings is observed in reference spots (red) . 
Here, the detection sensors are functionalized with M-DAOJ-A5 and A33L antibodies for 
capturing PT-Ebola and Vaccinia viruses, respectively. 
Similarly, we tested our platform for the detection of enveloped DNA poxviruses. 
To do this, we utilized Vaccinia virus apoxvirus that is commonly used as a prototype for 
more pathogenic vimses such as smallpox and monkeypox[69l. A similar approach (A33L 
Vaccinia antibody and immobilized on 9 of 12 sensors, incubation with intact vaccinia 
vims at the same concentration of 108 PFU/mL) yielded similar positive results to those 
seen with Ebo-VSV (Fig. 3.3c). All of the nine sensors detected the virus, while all of the 
reference sensors indicated minimal binding (Fig. 3.3d). For sensors close to the spotted 
sample edges, both weaker (8 nm in the case ofVaccinia vims) and stronger (20-21 nm 
in the case of pseudo-Ebola vims) spectral shifts were observed. This is related to the 
nonuniform virus concentrations around the spot edge. Measurements obtained from 
multiple sensors improved the robustness of the assay. Repeatability of the measurements 
was readily observed: all functionalized nanohole sensors showed a consistent shift 
ranging from 14 to 21 nm (Fig. 3.3b, d). This observation shows a clear quantitative 
relation between the spectral shifts and virus concentrations. Such quantification is less 
straightforward with techniques based on fluorescent labeling (ELISA). Although 
Vaccina viruses have relatively larger dimensions than the PT -Ebola viruses, comparable 
spectral shifts are observed. This observation clearly indicates that the capturing 
efficiency of the viruses, thus the accumulated biomass, is not only controlled by the 
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concentrations of the vmons but also controlled by the affinity of the virus-IgG 
interactions[70l. Without doubt, strength of such interactions is strongly affected by the 
complex mixture of the envelope proteins and the surroundings of the viral subunits[71 l. In 
fact, the structure and the conformational state of the membrane incorporated 
glycoproteins may strongly differ from those of the purified ones. Accordingly, 
techniques based on detection of recombinant and refined vims specific proteins or viral 
peptides are not suitable for medical studies of in vivo behavior of live viruses. Instead, 
techniques enabling direct detection of entire viral particles in medically relevant 
biological media are needed. While most studies in this field are confined to detection of 
individual viral components such as glycoproteins and nucleic acids, we demonstrate that 
our detection platform enables direct detection of intact viruses 
To demonstrate the applicability of our detection platform in biologically relevant 
systems, we extended our experiments to the detection of intact viruses directly from 
biological media (cell growth medium +7% fetal calf serum). These conditions provide a 
number of potentially confounding factors (high serum albumin levels, imtmmoglobulins, 
and growth factors) that could add unwanted background signal; thus this was an 
important test for the robustness of our detection system. In Fig. 3.4, it is shown that the 
initial Pr-AG functionalization (1 mg/mL) resulted in 4 nm red shifting of the resonances. 
Subsequently, anti-VSV (0.5 mg/mL) immobilization was confirmed with the 15 nm red 
shifting of the resonances. Finally, VSV was applied to the chips at a concentration of 106 
PFU/mL in a DMEM/FBS medium. Measurements, following an incubation period of 90 
min and postwashing processes, showed a 4 nm resonance shift for the antiviral 
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immunoglobulin functionalized spots. In reference sensors, red shifting of the resonances 
was also seen, but it was limited to only 1.3 nm due to the nonspecific binding of the 
serum proteins. The specific capturing of the intact viruses at a low concentration of 106 
PFU/mL is clearly distinguishable at the antibody functionalized sensors. This 
observation demonstrates the potential of this platform for clinical applications. 
(a) 
c: 01.0 
·en 
(/) 
.E 
(/) 
c: 
~ 
"'C 
Q) 
-~ 0.6 
co 
E ,_ 
0 
z 
(b) 
c: 1.0 
.Q . 
(/) 
(/) 
.E 
(/) 
c: 
co ,_ 
I- 0.6 
"'C 
-~ 
ro 
E ,_ 
0 
z 
-Activated Surface 
- Protein AJG 
- 8G5-VSVAb 
- vsv (1 os PFUtml) 
660 700 740 
Wavelength (nm) 
-Activated Surface 
- Protein AJG 
- 8G5-VSVAb 
- vsv (106 PFU/ml) 
660 700 740 
Wavelength (nm) 
Fig 3.4 Applicability of our detection platform in biologically relevant systems is demonstrated 
in vinls detection measurements performed in cell culturing media. 
(a) Nonspecific binding to the control spots results in a 1.3 nm red shifting of plasmonic 
• 
resonances. Note that measurements are also obtained fo r the control spot after each incubation 
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process, although the control sensor surfaces are not functionalized with protein A/G and 
antibody. (b) A resonance shift of 4 nm is observed for the detection sensor resonance showing 
that the specific capturing of the intact viruses at a low concentration of 106 PFU/mL is clearly 
distinguishable at the antibody functionalized sensors 
Due to our ability to quantify nonspecific binding on an individual chip, the 
presence of a small amount of background does not pose a fundamental bottleneck for the 
viability of this technology. In fact, this technology is sufficient for microbiology 
laboratories involving culturing of the viruses. In addition, it is likely that the technology 
can be adapted "as is" for successful diagnosis of herpes virus, poxvirus, and some 
gastroenteric infections, since a detection limit of 107-108 PFU/mL is usually sufficient 
for clinical applications[72J. Given that the resolution limit of detection system is 0.05 nm, 
it is likely that much lower concentrations (<105 PFU/mL) can be detected with the 
current platform. Background shifting due to the nonspecific binding could be a problem 
at lower concentrations of analytes; however this limitation can be considerably reduced 
and significant improvements in detection limits of the devices can be achieved by 
optimizing the surface chemistry. 
Conclusion 
This study provides a proof-of concept biosensing platform for fast, compact, quantitative, 
and label-free sensing of viral particles with minimal sample processing. We demonstrate 
that the EOT phenomena on plasmonic nanohole array can be adapted for pathogen 
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detection without being confounded by the surrounding biological media. The sensing 
platform uses antiviral immunoglobulins immobilized at the sensor surface for specific 
capturing of the intact virions and is capable of quantifying their concentrations. Direct 
detection of different types of viruses (VSV, PT-Ebola, and Vaccinia) is shown. A 
dynamic range spanning 3 orders of magnitude from 106 to 109 PFU/mL is shown in 
experimental measurements corresponding to virion concentration within a window 
relevant to clinical testing to drug screening. Moreover, projected low detection limits 
(<105 PFU/mL) of the viruses in biologically relevant media clearly demonstrate the 
feasibility of the technology for earlier diagnosis of viruses directly from the human 
blood. It is important to note that the ease of multiplexing afforded by this approach is a 
crucial aspect of the biosensor design. The PNA sensors can be readily expanded into a 
multiplexed format, where the various viral antibodies are immobilized at different 
locations to selectively detect the pathogens in an unknown sample. The advantage of the 
sensor is its ability to detect intact virus particles and identify them without damaging the 
virus structure or the nucleic acid load (genome), so that the samples could be further 
studied. The proposed approach opens up biosensing applications of extraordinary light 
transmission phenomena for a broad range of pathogens and can be directly utilized in 
typical biology laboratory settings. 
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Chapter 4 
Large-scale Plasmonic Microarrays for Label-free High-
throughput Screening 
High-throughput functional study of proteins is important for early detection of diseases 
as well as for discovery of drug targets. Microarray analysis of proteins, nucleic acids, 
and chemicals provides an approach to efficiently identify protein-protein interactions, 
transcription profiles, and small molecule drug candidates[ 73] [ 7 4] [ 7 5] [ 7 6]. Current 
microarray technologies rely on label-based fluorescence detection. However, labels 
often sterically interfere with molecular binding interactions and lead to inaccurate 
measurements[ 77] [ 78]. Photo-bleaching and quenching of labels also cause further 
limitations for real-time and quantitative analysis of biomolecular interactions[ 79 ]. 
Moreover, fluorescence-labeling on a large number of proteins is costly and time-
consuming. Therefore, there is a significant need for label-free, large-scale, quantitative 
and high-throughput detection systems that can reliably and sensitively identify 
biomolecular interactions. 
As we mentioned before, PNA enables extraordinary optical transmission through 
thick metal films by direct coupling of perpendicularly incident light to the plasmonic 
excitations. The resonance wavelength of EOT signal is strongly dependent on the 
effective dielectric constant of the adjacent medium around the nanohole arrays and can 
be used to detect ariy binding process without the use of labels. Furthermore, the collinear 
excitation/collection coupling scheme combined with the small footprint of sensors 
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provide unique opportunities to reali~e large-scale microarrays that can perform studies 
with minute amounts of biological samples. This is highly advantageous compared to 
high-quality factor dielectric microcavities, including photonic crystals[ 80 ][ 81 ] and 
whispery gallery mode resonators[ 82] suffering from alignment sensitive coupling 
schemes. As shown in Fig. 4.1, the transmitted EOT signal from each sensor can be 
directly imaged onto a CCD. The change in medium around the individual nanohole array 
sensor, before and after the binding events, can be detected by monitoring the intensity 
modulation at the corresponding CCD pixels. However, current measurements[83][84] 
based on intensity variations at a single wavelength have been significantly unreliable 
and restrictive for multiplexing due to the intensity fluctuations caused by molecular 
absorptions as well as amplitude noises. Alternative detection techniques are necessary 
for rapid, highly reliable and large-scale microarray sensing. Also, it is crucial to 
introduce low-cost nanofabrication techniques for wide adaptation of nano-biochemical 
sensors[85] . 
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Fig. 4.1 Scheme of plasmonic nanolwle arrays as biochemical sensors. 
Collimated light transmits through plasmonic nanohole array sensors and gets imaged by the 
CCD camera. Intensities shown on the CCD camera can be used -to analyze the molecule 
accumulations on the sensor pixels in a high-throughput fashion. 
In this chapter, a high-density label-free bio-detection platform for reliable and 
massively multiplexed detection of biomolecular bindings is presented. The microarray 
fabrication technique is covered in Section 4.1. Section 4.2 evaluates the microarray 
performance and potential applications. Section 4.3 describe a dual-color filter imaging 
method (DcFI), which allows . identification of spectral shifts reproducibly in a 
multiplexed mam1er with more than 30 times improved signal-to-noise ratios compared to 
methods based on direct intensity changes. 
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4.1 Microarray Fabrication Technique 
Large-scale and cost-effective patterning of nanohole arrays on a regular microscope 
glass slide is achieved using interference lithography technique as shown in Fig. 4.2 a. 
The sample consists of a multi-layer stack on the front side of a microscope glass slide 
and a spin-coated thick layer of anti-reflection coating on the back side to eliminate 
reflection from the positioning stage. First, a 500 nm layer of Barli-ARC is spin-coated 
onto the back side of microscope slides and oven-baked at 175 oC. Sequentially, 200 nm 
ofPoly(methyl methacrylate) (PMMA) and 220 nm ofBarli-ARC is spin-coated onto the 
front side of the sample and oven-baked at 180 °C and 175 °C, respectively. After coating 
of 30 nm thick silicon oxide with an E-beam evaporator, a mono layer of 
hexamethyldisilazane (HMDS) is applied on top of the silicon oxide layer prior to spin-
coating a 100 nm layer of positive-tone photoresist, Sumitomo PFI-88. The front side 
anti-reflection coating minimizes reflection from the bottom layer of the photoresist, 
HMDS coating enhances adhesion between the photoresist and silicon dioxide, and 
PMMA coating facilitates lift-off process. After sample preparation, a dual-exposure IL 
process, where each exposure takes 2 minutes, is applied on x and y axis for patterning 
the nanopillar square grid array in PFI-88. The interference lithography setup consists of 
a spatially-filtered He-Cd laser at 325 nm wavelength. After exposure, the sample is 
developed in CD-26 and 0.26% Tetramethylammonium hydroxide (TMAH) for 
45 seconds. Following the interference lithography process and development, RIE is 
applied with CF4 and He/0 2 for transferring the pattem into SiOx arid the underlying 
ARC/PMMA layer. Lastly, 100 nm of gold is evaporated via E-beam evaporation and 
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PMMA/gold patterned regions are lifted off in 60 °C acetone with ultrasonic agitation for 
10 minutes. Using this process, we can easily and cost effectively pattern nanohole arrays 
on whole microscope slides or glass wafers within few minutes and fmish the whole 
process within few hours. The microarray platform is divided by introducing Cr spacers 
between individual sensors using photolithography and Cr deposition. Cr spacer blocks 
the light transmission and minimizes the SPR interaction between sensors by absorbing 
the propagating of SPR. 
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Fig. 4.2 Microarray fabrication scheme and SEM images. 
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(a) Schematic representation of the fabrication process. Sensing pixel arrays are p atterned on a 
standard microscope glass slide (75 mm by 25 mm) using interference lithography technique. (b) 
SEM images of the microarray with 7 by 11 sensor elements. Scale bar, 20 pm. (c) Top view 
image of the part of a sensor p ixel. Scale bar, 1 ;.,tm. (d) Further enlarged image shows the 
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uniformity and roundness of the nanohole arrays. Scale bar, 250 nm. (e) 30o tilted view reveals 
the verticality of edges. Scale bar, 200 nm. 
Then, arrays of microscale sensing pixels are formed upon these nanoholes via 
photolithography and chromium deposition. Further detail of nanofabrication process is 
discussed in Method section. These sensing pixels are identical 20J..Lm by 20 J.lm squares 
and separated by 15 J..Lm from each other. The size of a standard microscope glass slide is 
75 mm by 25 mm. As a result, up to 1.5 million sensor pixels have been fabricated on a 
single glass substrate with a packing density of 816 sensors per mm2. The number of 
sensor elements on this plasmonic microarray is comparable to that of state-of-the-art 
fluorescence based microarrays. Such a dense multiplexing capability is sufficient for 
screening large-scale protein libraries containing 30,000 ~ 40,000 types of proteins. 
Scanning electron microscope (SEM) images of the fabricated microarrays are shown in 
Fig. 4.2 b - e. Fig. 4.2 b shows the large-scale view of the microarray. Each individual 
sensor contains around 33 by 33 nanoholes. High uniformity and structural quality of the 
gold nanohole structures (Fig. 4.2 c and Fig. 4.2 d) confirm the robustness of the 
interference lithography technique. Moreover, the tilted (30°) SEM image in Fig. 4.2 e 
shows straight sidewalls. The periodicity of the nanohole arrays shown in the SEM 
images is 600 nm and the diameter ofnanoholes is 200 nm. 
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4.2 Performance of the Microarray 
To experimentally evaluate the optical response of the nanohole arrays, 
transmission spectra were obtained using a collimated broadband light source at normal 
incidence. The transmitted signal . was collected by an objective lens with 1 OOx 
magnification and 0.7 numerical aperture, and fiber-coupled to a spectrometer. Fig. 4.3 
shows the transmission spectrum of 200 nm radius Au nanohole array with 600 nm 
periodicity. The comparison between the finite-difference time-domain simulation (black) 
and experimental (red dashed) results in air shows good agreement for the (-1,0) Au-air 
interface resonance. The (-1,0) resonance wavelength red-shifts with increasing refractive 
index of the solution (water, acetone and isopropyl alcohol (IPA)). The sensitivity 
reaches up to 615 nrn/RIU, which is comparable to the high value we previously 
demonstrated with suspended nanohole arrays fabricated by EBL. To evaluate intrinsic 
detection limits of optical nanoscale sensors, literature commonly uses figure of merit 
(FOM), which is defined as the sensitivity divided by the FWHM of a Lorentzian shaped 
resonance. In this work, experimentally obtained FOMs are 27 for the (-1,0) resonances 
over the entire microarray. Inset in Fig. 4.3 shows the transmission signal captured by the 
CCD camera. Light intensities coming from different sensor pixels are very uniform over 
the microscope slide. These results confirm that sensor devices with high optical quality 
can be fabricated uniformly over large areas by using interference lithography. 
To functionalize microscale sensors with specific biomolecules, we utilized a high 
precision biomolecule spotting technique based on dip-pen lithography (BioForce 
Nanosciences TM). This capability is confinned with spotted fluorescent antibodies on 
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protein A/G functionalized sensors. Anti-mouse immunoglobulin (IgG) from goat 
(labeled with TRITC, red) and anti-monkey IgG from rabbit (labeled with FITC, green), 
are spotted onto the sensors. 
1 
-Air 
---Simulation 
- Water 
-::) 
- Acetone 
~ o::-- IPA 
§ 0.6 
·- I 111 I 
.!!! I E I 
Ill I ~ 0.4 : 
1-
550 950 
Fig. 4.3 Transmission spectra of the nanohole arrays and its sensitivity to the surrounding 
refractive index changes. 
Experimental (black) and finite-difference time-domain simulation (red dashed line) spectra 
match well over the spectral region of interest. The surface plasmon resonance peak is due to 
resonance at the Au-air interface. Spectral shifts as the refractive index of the solution changes 
show high sensitivity (615 nm/RIU) of the nanoholes with narrow resonances (FWHM=22.5 nm). 
The experimentally obtained figure of merit is 27. Inset shows the image of the microarray. Scale 
bar, 50 pm. 
For spotting, the gold surfaces are first functionalized with protein A/G at a 
concentration of 1 mg/mL diluted in PBS (10 mM phosphate buffer, 137 mM NaCl, and 
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2.7 mL of KCl). Protein A/G is chosen as a template for the immobilization of the 
antibodies due to its ·high affinity to the Fe region of the IgG molecules. Two different 
antibodies labeled with different fluorophores , anti-mouse IgG from goat (labeled with 
TRITC) and anti-monkey from rabbit (labeled with FITC), are spotted onto the sensing 
<'lo::·· ... 
sensors. The concentrations of both antibodies are lmg/ml diluted in a PBS-glycerol 
mixture. Glycerol is used to keep the solution from drying during the spotting, and also 
helps to keep the spotted droplets uniform. The 30 J..Lm AFM tip yields a round droplet 
with diameter of 30 - 35 J..Lm at a specific humidity and AFM tapping force . After 30 min 
of incubation, unbound antibodies are removed by a three-step PBS washing process. 
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Fig. 4.4 Spectral response of microarray pixels spotted with bio-molecules. 
(a) Fluorescence image of different antibodies being immobilized on separate sensors show the 
multiplexing f eature. The red areas are immobilized with anti-mouse IgG labeled with TRITC, 
and the green ones are anti-monkey labeled with FITC. Test bio-samples are spotted onto 
individual sensor elements by dip-pen spotting shown as inset. Scale bar, 30 ttm. (b) Resonance 
of individual sensor pixel red-shifts after the immobilization of Protein AIG and anti-Mo use IgG. 
Transmission intensity reduces with accumulation of bio-molecules. 
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Figure 3.4 a shows the fluorescence signal from the spotted area. The spots are 
well defined and separated, and the individual sensors are uniformly covered. Although 
the employed dip-pen lithography is suitable to demonstrate the multiplexing capability 
of the platform, it is a relatively slow technique due to its serial nature. For large-area 
microarray applications where large varieties of antibodies/proteins are needed to be 
immobilized rapidly, other surface spotting technologies can be also usedl86l . 
Label-free sensing of the analytes can be achieved by measuring the transmission 
spectrum and monitoring the EOT spectral shift of a sensing pixel. Spectral 
measurements are obtained sequentially following the protein A/G and goat anti-mouse 
IgG capturing. In Fig. 3.4b, the original resonance peak occurs at 670 nm (blue line). As 
molecules accumulate on the microarray surface, the ( -1 ,0) Au-Air resonance peak (red 
and green lines) red-shifts due to the increasing effective refractive index at the Au/air 
interface of the gold nanohole arrays. Attachment of 1 mg/ml protein A/G and 1 mg/ml 
goat anti-mouse lgG results in red shifts about 4 nm and 14 nm, respectively. The 
magnitude of the resonance shift with respect to bare surface allows direct quantification 
of the antibody molecules captured on the sensor surface. However, such measurements 
performed using a spectrometer is not suitable for high-throughput microarray 
applications since the sensors in !he array needs to be evaluated sequentially rather than 
simultaneously. Therefore, alternative methods are needed for large-scale and massively 
multiplexed label-free detection. 
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4.3 Dual-color Filter Imaging Method 
For multiplexed detection, spectral shifts can be obtained from the variation of the 
spatial intensity distribution at a single wavelength captured as an image by a CCD 
camera. For example, for the data presented in Fig. 4.4b, the initial resonance is at 670 
nm, and it red-shifts to 683 nm after antibody binding. This spectral shift can be detected 
by monitoring the intensity change at 695 nm (indicated by dashed ~ine in Fig. 4.4b ). 
However, with biomolecular accumulation, not only the resonance wavelength shifts, but 
also the transmission intensity drops as a result of increased absorption (as observed in 
Fig. 4.4b and our experimental measurements). This introduces reliability issues for 
quantitative analysis. 
To overcome this limitation, we developed a dual-color filter imaging method 
based on spectral ratio, which can significantly increase SNR. To investigate the limits of 
the method, we numerically calculated the expected signal using Matlab (given in Fig. 
4.5a and b). Assume that the original resonance centers at 670 nm (blue curve in Fig. 
4.5a). When the bio-molecules are captured, the resonance red-shifts to a higher 
wavelength with reduced intensity (red curve in Fig. 4.5a). There are two optical band-
pass filters with 20 nm bandwidth. The left filter is centered at 670 nm and the right filter 
is at 695 run. The light intensity transmitted through left filter as a function of the 
resonance shift is shown in Fig. 4.5b with the dashed blue line. As the resonance red-
shifts, the light intensity decreases due to the decreasing overlap of the resonance peak 
with transmission window of the filter. However, this single color filtering scheme, 
which measures intensity change at a single spectral window does not allow high signal-
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to-noise-ratio measurements. This shortcoming is demonstrated m experimental 
measurements as follows. After the microarray chip is functionalized with protein A/G, 
tluorescently labeled antibodies are captured at certain sensors defining a word "hv" as 
shown by fluorescence image in Fig. 4.5c. The rest of the sensing pixels in the array are 
used as controls. For incident light passing through the left filter, CCD images of the 
spatial intensity distribution are shown in Fig. 4.5d. 
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Fig. 4. 5 Dual-color filter imaging method for label-free detection. 
(a)-(b) show simulation results. (c)-(f) show experimentally obtained images. (a) The original 
spectrum (blue) and the shifted one (red) are shovvn. Two optical filters, centered at 670 nm (light 
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blue) and 695 nm (light red) are used to collect the transmission signals, respectively. (b) 
Normalized transmission intensity through the left filter as a function of resonance shift is shown 
in dashed blue line. Light intensity decreases due to the decreasing overlap between the filter and 
resonance peak. Dashed red line shows the transmission intensity through the right filter. As the 
resonance red-shifts, the light intensity increases. Dual-color filter imaging method is 
implemented by taking the ratio between the transmitted images from these two filters, which 
dramatically increases the signal-to-noise ratio (black line) . The inset shows the zoom-in plot. (c) 
Fluorescence image of the antibody spotted sensor pixels, defining a word "hv". (d) EDT image 
through the left filter. The control pixels appear brighter. (e) EDT image through the right filter. 
The light intensity appears to be higher from the spotted pixels due to the red-shift of the 
spectrum, as contra01, to the left filter. (f) Image processed using DcFI method. The image 
contrast is dramatically enhanced compared to the single filter method. 
Here, the transmitted light intensity obtained from the antibody captured sensors 
1s not significantly weaker than those obtained from the control sensors. Similarly, 
numerical and experimental measurements using right filter gives signal with small SNR. 
For the right filter, the expected transmission intensity increases with the resonance shift 
(dashed red line in Fig. 4.5b ). Experimental measurements confirm this result, and also 
show that the corresponding image has a small SNR and weak contrast. On the contrary, 
if we use DcFI method by taking the ratio between the transmitted signals from two 
filters, SNR is dramatically increased as illustrated in Fig. 4.5b and f. For instance, when 
the spectrum red-shifts by 14 nm after immobilization of 1 mg/ml anti-mouse IgG, the 
SNR of images acquired with our method is improved by 30 times compared to the single 
filter scheme. We should note that 20 nm bandwidth filter is used for the experimental 
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implementation of our DcFI method. However, numerical calculation shows that the SNR 
can be further increased by using filters with narrower bandwidth. Fig. 4.5f 
experimentally demonstrates that the contrast of the image obtained by spectral ratio is 
comparable to that of the fluorescence image (Fig. 4.5c ). As a result, the patterned pixels 
forming the word "hv" are clearly observed. As shown in Fig. 4.5d and e, there are few 
sensing pixels with dark spots on them (i.e. on the sensor located in the last row of the 
fifth column) due to the defects introduced by fabrication imperfections. These pixels 
with low intensities may cause false positive/negative results in conventional label-free 
approaches. Notably, this effect can be removed effectively by our DcFI method (Fig. 
4.5f) . 
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Fig. 4. 6 Quantification of analyte concentration with label-free dual-color filter imaging 
method. 
(a) Fluorescence image of various concentrations offluorescently labeled anti-mouse IgG used 
as analy tes. Three different concentrations of70 pl/ml, 10 pl/ml and 30 pllml analytes are shown 
respectively. (b) EOT image acquired by the DcFI method. (c) Dual-color filter image with 
different concentrations are shown in 3D .for better visualization. Scale bar, 20 f.lln. 
83 
To demonstrate quantitative measurement of molecular binding evellts, we .used 
fluorescently-tagged anti-mouse IgG as analytes. After the microarray chip is 
functionalized with protein A/G, different concentration of analytes is spotted on specific 
sensor arrays. Their location is indicated in Fig. 4.6a by fluorescence measurements. 
Following incubation and subsequent washing, amount of accumulated analytes (i.e 
antibodies) at the corresponding sensors are measured using dual-color filter imaging 
technique. As shown in Fig. 4.6b, with increasing concentrations of analytes, stronger 
signals are obtained consistently by the DcFI method. Notably, the exposure time for the 
fluorescence signal was 3000 ms, but it took less than 30 ms for the EOT image. This 
.. 
corresponds to two orders of magnitude improvement m image acquisition time 
compared to the fluorescence methods. 
Conclusion 
Compared to conventional m1croarray technologies, our large-area plasmonic 
m1croarrays can reliably enable quantitative and real-time detection in a label-free 
fashion. Obtaining the kinetic rates of biomolecular interactions in a high-throughput 
fashion (such as for determination of transcription factor binding sites, protein-small 
molecule bindings) can open up new opportunities in fundamental biology and 
"$;; . 
pharmacology. On-chip configuration of the sensor can enable direct integration with 
microfluidics, which offers automated sample preparation and processingf87J[SSJfS9J. This 
platfmm can also be merged with recently emerging complementary technologies, such 
as lens-free on-chip microscopy and imaging[90l, and become widely applicable to various 
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problems even m resources limited settings. Furthermore, compared to other 
nanobiosensors, our plasmonic platform using DcFI method is compatible with the 
existing infrastructure of conventional microarray spotters and scanners. This scheme can 
allow rapid implementation of the next generation of microarray technology with 
advanced capabilities and will become a powerful tool for biomedical sciences and 
pharmacology. 
In this chapter, we present a label-free, high-throughput and low-cost plasmonic 
microarray technology. We introduced a dual-color filter imaging method, which 
increases the signal-to-noise of images more than 30 times compared to the detection 
method based on direct intensity change and enables to obtain images with large contrast. 
Using our method, reliable detection of biomolecular bindings is demonstrated. In 
addition, quantitative measurements of analyte binding events at a variety of 
concentrations are shown. Our platform also reduces the image acquisition time with 
respect to fluorescence technique by more than two orders of magnitude. To achieve 
large-area sensor arrays, we employed interference lithography which enabled uniform 
fabrication of sub-wavelength apertures over an entire microscope slide and resulted in 
more than a million sensors. The quality of sensors demonstrates high FOMs of 27 with 
refractive index sensitivity reaching to 615 nm/RIU. This label-free microarray 
technology, due to its ease of use, reliability and large-scale capability, can be a powerful 
tool for biomedical sciences and pharmacology. 
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Chapter 5 
Integrated Nanoplasmonic-Nanofluidic Biosensors with 
Targeted Delivery of Analytes 
Label free biosensors, offering a rapid way to obtain equilibrium and rate constants of the 
biomolecular interaction, have taken much interest recently. In particular, plasmonic 
nanohole biosensors with high multiplexing capabilities and signal to noise ratios are 
promising for detection of low concentrations of analytes, as discussed in the previous 
chapters. However, performances of surface biosensors are often limited in a fluidic 
environment by the inefficient analyte mass transport instead of their intrinsic detection 
capabilities[9I][nJ. As the analytes are collected by the functionalized surface, a depletion 
zone forms around the sensing area where the analyte transport is diffusive. Depletion 
zone expands with time until the convective flow ceases its further growth. Randomized 
nature of the mass transport in the depletion zone severely limits the delivery of the 
analytes from the convective flow to the sensor surface. At low concentrations, this 
limitation causes impractically long detection times. One can compress the extent of 
these depletion zones by increasing the convective flow rate. However, such a passive 
control scheme often results in moderate improvements of the device performances due 
to the shorter times required for analytes to stream pass the sensing surface. Stirring of 
the depletion zone using various mixing strategies also seem to result in moderate 
enhancements in performances. [931[941 Innovative approaches are needed to overcome the 
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mass transport limitations. One of the main conceptual constraints in previous approaches 
is that microfluidics and biosensing are always considered as different parts of a sensor 
platform completing each other but not a fully merged single entity. 
In this chapter, we propose and demonstrate a hybrid biosensing system merging 
nanoplasmonics and nanofluidics in a single platform. Unlike convectional approaches 
where the analytes simply stream pass over the surface, our platform enables targeted 
delivery of the analytes. The nanoholes here act as nanofluidic channels connecting the 
fluidic chambers on both sides of the sensors. The so called actively controlled flow 
scheme is illustrated in Section 5.1. Section 5.2 presents another application of the flow 
scheme on photonic crystal sensor. 
5.1 Actively Controlled Flow Scheme 
Compare to conventional optical sensors, our nanohole array based platforms are offering 
more freedom to manipulate the spatial extent and the spectral characteristics of the 
electromagnetic fields. Furthermore, nanoholes also provide a natural platform to 
transport the liquid at the nano-scales: a unique opportunity that has not been explored 
yet. In the controlled flow scheme, we employ suspended PNA with nano-scale openings 
as our sensing platform. We use its optical resonances for label-free detection. At the 
same time, we utilize the openings to actively steer the convective flow to the surface to 
overcome the mass transport limitations. This unique property of our PNA sensor offers 
an extra degree of freedom in microfluidic circuit engineering by connecting separate 
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layers of microfluidic circuits through biosensors. Through this platform, it is possible to 
create "multilayered lab-on-chip systems" allowing three dimensional control of the 
fluidic flow. 
Fabricated arrays are mounted in a custom designed multilayered microfluidic 
channel system based on PDMS. As illustrated in Fig. 5.1a and b, this multi-inlet/outlet 
fluidic platfmm allows us to actively control the fluidic flow in three dimensions through 
the plasmonic nanohole openings. Convective flow over different surfaces of the 
plasmonic sensor is realized by running the solutions in between input-output lines on 
the same side, such as 1-213-4 (Fig. 5.1a). In this arrangement, mixing of liquid 
flowing above the gold surface and below the SiN membrane is minimal (diffusive) and 
the convective flow in separate channels is nearly independent. In actively controlled 
(targeted) delivery scheme, the convective flow is steered perpendicularly toward the 
plasmonic sensing surface by allowing the flow only through one inlet/outlet on either 
side of the plasmonic sensor (Fig. 5.1b). Flow could be directed from top-to-down and 
down-to-top directions by enabling flow between 1-4 and 3-2, respectively. 
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Fig. 5.1 Multilayered micro fluidic scheme allows three dimensional control of the convective 
flow enabling 
(a) passive (diffusive) and (b) active (targeted) delivery transport ofthe analytes to the sensing 
surface. Perpendicular steering of the convective flow is achieved by allowing flow only through 
one of the inlet/outlets of the top/bottom channels. 
Targeted delivery of the analytes to the sensing surface is demonstrated in spectral 
measurements as shown in Fig. 5.2a. Initially, both the top and the bottom channels are 
filled with a low refractive index liquid, DI water (nm=l.333), at a high flow rate (550 
11Limin). Once the channels are filled with DI water completely, the plasmonic resonance 
shifts from 679 nm (air on both sides) to 889 nm (DI on both sides). This corresponds to 
a bulk refractive index sensitivity of 630 nm/RIU, which is also confirmed in independent 
measurements (Fig. 5.2a) performed in acetone (nAcetone=l.356), IPA (ntrA= l.377) and 
chloroform (nchloroform= 1.49). As plasmons at the Ti/SiN interface are suppressed by the 
losses, this shift only reflects the spectral response of the EOT resonance to the changing 
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refractive index in the top channel. 
The spectrum, ~btained once the channels are filled with DI-water, is used as a 
background for the following measurements. To quantify the analyte transport efficiency 
of the both delivery schemes, a lower viscosity analyte solution (IP A) with higher 
refractive index is introduced from the bottom inlet. The plasmonic sensor responses only 
to the refractive> index change due to the perpendicularly diffused or actively delivered 
IP A solution depending on the implemented flow scheme. This way, a good quantitative 
measure of the transport limit is created in perfect collection case 4. In the diffusive 
transport scheme, IP A solution is pumped into the bottom channel (20 1-!Limin) and 
collected from the bottom side while the top outlet is kept open. A relatively small red 
shifting of the plasmonic resonance 1.2 nm is recorded after running the IP A solution for 
10 min (Fig. 5.2b). We attribute the minute resonance shift to the limited delivery of the 
IP A to the sensing surface. Although the flow through the top outlet is also allowed, this 
shows that perpendicular flow of the IP A is very weak. This observation is also 
confirmed with microfluidics simulations as discussed below (Fig. 5.2c). For targeted 
delivery of the convective cun·ent to the surface, IP A is directed from down-to-top 
direction by enabling flow between 3--2. In this case, a much larger red shifting (10 nm) 
of the plasmonic resonance from DI-water background is obtained after flowing IP A 
solution for 10 min at the same flow rate. This clearly shows that the targeted delivery 
scheme created in our nanoplasmonic-nanofluidic platform allows more efficient analyte 
transport to the sensor surface and improves the sensor performance. 
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Fig. 5.2 Bulk measurement for both actively and passively controlled flow schemes. 
1000 
(a) Bulk refractive index sensitivity of the p lasmonic nanohole arrays are obtained in different 
solutions. (b) Resonance shifts for the passively and actively controlled mass transport schemes 
are compared after running IPA (analyte) for 10 min at 20 j.lmlmin flow rate. Microfluidic 
simulations demonstrate (c) low transf er rates for the passive transport scheme due to the weaker . 
perpendicular flow of the analytes, while (d) much more efficient niass transport toward the 
swface is observed f or the targeted delivery scheme. 
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Microfluidics simulations are performed to confirm the experimental conclusions. 
Scaled down version of the microfluidic system is simulated using a finite elements 
method using COMSOL™ software. Calculations are done in two dimensions using 
incompressible Navier-Stokes equations. Boundaries of the simulation domain are 
defined as 200 11m in height and 500 11m in width for each of the channels with 150 11m 
inlets openings. We employ a refined mesh near the sensor area where the flow rate is 
high and turbulences occur. Fig . . 5.2c and d shows the steady state solutions of the 
velocity field profile of the fluidic flow. Transfer rate, reflecting the ratio of the 
perpendicular flow to the inlet flow, is used to quantify the performance of the delivery 
scheme. In accordance with our experimental observations (Fig. 5.2b), when IPA solution 
is injected and collected from the bottom channel, a very weak perpendicular flow of the 
IPA solution toward the top channel is observed (Fig. 5.2c). Although liquid flow through 
the top outlet is allowed in the simulations, the flow rate at this outlet is calculated to be 
extremely small (only 0.29% of the input flow). On the other hand, active directing of the 
convective stream toward the surface and through the nanoholes (inset) results in a 
transfer flow rate of 100% (Fig. 5.2d). Accordingly, in an arrangement where the fluidics 
is flowed in and out from different sides of the biosensor, all the fluidic current is actively 
transferred through the nanohole openings. Simulations also indicate that flow through 
the nanofluidic channels creates turbulences and stirring of the solution as it passes 
through the device (not shown). This stirring process is expected to further improve the 
mass transport rate. 
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Fig. 5.3 Efficiencies of the passive and targeted delivery of the analytes are compared in real 
time measurements. 
14-fold improvement in mass transport rate constant is observed for the targeted delivery scheme. 
Time dependent spectral measurements are perfomied to characterize the 
efficiency of the analyte delivery to the sensing surface for both schemes (at a flow rate 
of 4 J..LL/min). As shown in Fig. 5.3, the directed delivery results in a larger resonance 
shift compared to the passive one, indicating a much more efficient mass transport to the · 
biosensor area. Experimentally observed resonance shifts are (least-squares) fitted to a 
sigmoid function of form Ab + (A1 - Ab)/(1 + e-kCt- tol ) [9SJ This is superposed to a linearly 
increasing background with C1 (t- t0 ) + C0 due to increasing refractive index of the bulk 
medium in the top chmmels as IP A concentration increases. The mass transport rate 
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constants are obtained as kpass=0.0158 min- 1 and kact=0.2193 min- 1 for the passive and 
targeted transport schemes, respectively. This corresponds to more than 14-fold 
improvement in rate constants which is crucial for enhancing the performance in 
immunoassay based applications. After more than 10 h of operation at compatible flow 
rates for biosensing applications ( 4 )lLimin), we observed that the membranes and the 
plasmonic devices are intact. Similarly, ,no structural deformations are observed in the 
spectral measurements showing the reliability of the devices. 
5.2 Actively Controlled Flow Scheme On Photonic Crystals 
The actively controlled flow scheme does not fit into the PNA platform only. Another 
nanohole array based platform, the photonic crystal (PhC) structure, can also be 
integrated with the flow scheme. Similarly, the nanohole arrays are used as sensing 
structures as well as nanofluidic channels to overcome mass transport limitations. 
PhC structures are fabricated on free standing SiN membranes (Fig. 5.4a). The 
SiN films have very good optical properties for the implementation of PhC. They are 
transparent in the visible/near-infrared regime with high refractive index. SEM images of 
the fabricated structures are shown in Fig. 5.4b, c and d. The tilted SEM image taken at 
40° confirms the vertical wall profiles of the openings. The thickness of the fabricated 
membranes ( ~90 nm) is much smaller compared to the membrane area ( ~40,000 )lm2). 
Although the aspect ratio is very high, the membranes are observed to survive long hours 
of operation under flow pressure. 
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Fig. 5.4 Fabrication scheme for pltotonic crystal slab. 
(a) Fabrication scheme. Structure is first patterned on PMMA layer using EEL. Then RIE is used 
to dry etch the SiN slab, resulting in a suspended PhC membrane. (b)-(c) SEM top view of the 
structure. (d) SEM cross-view of the structure titled at 40°. 
PhCs offer unique opportunities to tailor the spatial extent of the electromagnetic 
field and control the strength of the light-matter interaction. In this work, we exploit 
guided · resonances that are de localized in the plane and tightly confined in the vertical 
direction. The periodic index contrast of the structures enables the excitation of the 
guided resonances with a planewave illumination at normal incidence and their out-
coupling into the radiation modes. Such a surface normal operation eliminates the 
alignments of sensitive prism/waveguide/fiber coupling schemes needed by other optical 
nanosensors. The ease of resonance excitation by surface normal light is particularly 
advantageous for high-throughput nucroarray applications. The incident light is 
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transmitted by PhC slabs through two different pathwaysl961 . One of them is the direct 
pathway, where a portion of the electromagnetic field goes straight through the slab. The 
other is the indirect pathway, where the remaining portion couples into the guided 
resonances before leaking into the radiation modes. These two pathways interfere with 
each other and result in resonances with sharp Fano-type asymmetric line-shapes. The 
spectral location of these resonances is highly sensitive to the refractive index changes 
occurring within the surroundings of PhC slabs. The index change due to the 
accumulation of bio-molecules or variations in the bulk solution could be detected 
optically in a label-free fashion. 
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(a) Transmission spectra calculated by 3D-FDTD simulations are shown when the PhC slab is 
emerged in three different media: air (blue), water (red) and an IPA-chloroform mixture (green), 
respectively. Inset shows the schematic view of the design. Parameters for the structure are: r = 
270 nm, a = 600 nm and d=90nm. (b) Electromagnetic intensity distribution of the 1st mode 
when the structure is in air. Top and cross section views are shown, respectively. 
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To experimentally implement the proposed sensor, we use square lattice SiN PhC 
slabs (inset in Fig. 5.5a). Fig. 5.5a shows the transmission spectra of a specific design 
calculated by three dimensional finite-difference time-domain method in three different 
media: air (refractive index n = 1), water (n = 1.33), and an IPA-chloroform mixture (n = 
1.43). A normally incident plane wave source (corresponding to the r-point in the 
dispersion diagram) excites the eigenmodes of the system. For each case, two modes are 
observed within the given spectral range. Fig. 5.5b shows the intensity distribution of the 
lowest (first) order mode when the structure is in air. The field has four-fold symmetry as 
the lattice and well confined within the slab in the vertical direction. Within the plane, the 
field extends into the holes, which is crucial in increasing the field overlap with the 
surrounding media for higher sensitivity. We evaluate its bulk sensitivity (in units of 
nm/RIU) by calculating the shift of the resonance position in wavelength versus the 
refractive index change in the surrounding environment. 
The optimized PhC structures are fabricated on free standing SiN membranes 
according to the process flow described in Fig. 5 .4. SEM images indicate that the 
diameter and the periodicity are 540 nm and 605 nm, respectively. Ellipsometer 
measurements are taken on the unpattemed area of the membrane to confirm that the slab 
thickness is ~90 nm. These numbers are quite close to the optimized design with r/a=0.45 
and d/a=0.15 . For the PhC with periodicity of 605 nm, the resonance peak in air is 
located at ~670nm. This wavelength is well within the spectral coverage of our 
experimental setup. 
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Fig. 5. 6. Images of the actively directed perpendicular convective flow. 
(a) Bottom channel is almost filled up with IPA. (b) IPA starts to go through the nanohole 
openings. (c) IPA spreads over the surface. (d) The whole structure is emerged in IPA. 
To carry out the flow tests, the structures are integrated in a chamber with two 
inlets/outlets both on the top and the bottom channels fabricated in PDMS. To implement 
the laminar flow scheme, where the convective flow is parallel to the surface, we blocked 
the inlet/outlet of the bottom channel. To steer the convective flow actively towards the 
sensing surface, we blocked one of the openings of the both cJ:lannels. The PhC slab is 
sealed perfectly to ensure the flow is only through the openings. Video images of the 
perpendicular convective flow, captured in a microscope with a CCD camera, are shown 
in Fig. 5.6. Here, the IP A solution is pumped into the bottom channel by a syringe at a 
rate of 80~LLimin. The video recording statts when the bottom chmmel is almost filled-up. 
98 
rate of 80f.!Limin. The video recording starts when the bottom channel is almost filled-up. 
Fig. 5.6 shows the merge of IPA to the top channel only through the openings, 
confirming the active stee1ing of the liquid flow. No damage or breakage of the 
membrane due to the applied pressure is observed. 
To experimentally evaluate the sensing response of the different flow schemes 
. ' 
transmission spectra of PhC are obtained by launching a collimated and unpolarized light 
at normal incidence. The transmitted signal is collected with a 0.7 numerical aperture 
objective lens and coupled into a spectrometer for spectral analysis. The comparison of 
the transmitted spectra is shown in Fig. 5.7a. Blue curve is the transmission spectrum 
taken in air, which clearly shows the excitation of the lowest and the next higher order 
modes at 667 nm and 610 nm, respectively. The red and the green curves are the 
responses in the solution (DI-water) for both flow schemes. When the convective flow is 
parallel to the surface (green curve), no leakage to the bottom surface is observed due to 
the large surface tension of the Dl-water. On the other hand, when the convective flow is 
actively directed through the openings, PhC membrane is totally immersed in DI-water. 
. This results in a larger refractive index change and more than 40 nm additional resonance 
shift. This observation is also confirmed by numerical simulations. 3D-FDTD 
calculations are performed for the PhCs in air and totally immersed in water. The slab 
parameters are obtained from SEM images and ellipsometer measurements. Fig. 5.7b and 
c shows the simulation results overlaid directly with the experimental measurements 
without any shifting. Near perfect match between the resonance locations and the line-
widths are observed for both modes. There is a slight distortion in the resonance shape of 
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simulation for the case in which water fills only the top channel (such that the holes and 
the bottom channel are still in air). The calculated resonance position for the lowest order 
mode (data not shown) is nearly same with the experimental result (green curve in Fig. 
5.7a). This indicates that due to the large surface tension, solutions cannot penetrate 
through the nanoholes if no steering method is employed. We observed both in theory 
and experiment that the widths of the resonance peaks are significantly narrower when · 
the stmcture is immersed in solution. This is due to the reduction of the index contrast 
within the slab resulting in less efficient coupling with the radiation continuum. With 
reduced index contrast (which could be due to immersion in solution or reduction of hole 
size), guided resonances asymptotically turns into fully confmed slab modes with infinite 
Q factors and narrow line-widths. 
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Fig. 5. 7 Experimental results for actively controlled and passively controlled schelues. 
(a) Experimental comparison of transmission spectra for two different flow schemes. Actively 
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(a) Experimental comparison of transmission spectra for two different flow schemes, Actively 
controlled flow scheme (red) shows better sensitivity and narrower line width compared to the 
conventional scheme (green), (b) Experimentally measured transmission spectrum in air (blue) is 
overlaid with the simulation result (black). (c) Experimentally measured transmission spectrum in 
water (red) is overlaid with the simulation result (black) . 
Conclusion 
In conclusion, we introduced a novel sensor combining nano-photonics and nano-fluidics 
on a single platform. By using nano-scale openings in PhCs, we show that both light and 
fluidics can be manipulated on chip. We present both theoretical and experimental 
analysis of the fluidic and the photonic components of the integrated system. Compared 
to the laminar flow in conventional fluidic channels, we show that active steering of the 
convective flow results in the direct delivery of the stream to the nanohole openings. This 
can lead to enhanced analyte delivery to the sensor surface by overcoming the mass 
transport limitations. We demonstrated 14-fold improvement in the mass transport rate 
constants. Such improvements in the exponential term reflect the superior mass transport 
capability of the targeted delivery scheme demonstrated here. These hybrid biosensors 
can find wide range of applications in point-of-care applications as well as research 
studies on drug development and protein-protein interactions. 
101 
Chapter 6 
Optofluidic Biosensor Platform for Virus-like Particle 
Detection 
Binding of analytes in solution to surface-immobilized receptors is of great importance 
for a wide range of life science measurements. For example, DNA microarray 
synthesized with DNA probes hybridizes specific DNA sequence to measure the 
expression levels of genes; immunoassay like ELISA makes use of the binding between 
an antigen and its antibody to identify and quantify the specific analytes in samples. 
Furthermore, the interaction process can be monitored in real time to accurately measure 
the amount of bound analyte and its affmity to the receptor, such as the case of 
techniques like surface plasmon resonance (SPR) or Quartz crystal microbalance (QCM). 
Performances of these sensing techniques rely on two factors: chemical interaction and 
analyte transportation. Chemical interaction between the receptors and the analytes, also 
known as the binding kinetics, determines the total amount of analyte that can be 
captured by sensor in equilibrium state. However, these are intrinsic properties of 
biomoleculcs and difficult to change. Analyte transport plays an equally crucial role as 
the chemical reactions since it imposes an upper limit on analyte collections. To improve 
delivery efficiency of analytes to the sensor concurrently researchers are integrating 
surface biosensors with microfluidics While microfluidic system can enable lab-on-a-
chip systems, recent theoretical and numerical calculations indicate that we have to take 
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careful consideration in the design of the fluidic cells as they can fundamentally limit the 
sensor responses. The performance of most nanosensors embedded in conventional 
microfluidic channels is limited in a fluidic environment by inefficient analyte transport 
instead of their intrinsic detection capabilities. This situation is particularly problematic 
as the size of the analyte becomes larger than 50 nm, which is the minimal size of most 
infectious disease viruses. For typical · microfluidic sensing systems, analytes are 
transported to the sensing area by convection and diffusion. However, as molecular size 
of analyte increases, diffusion rate decreases, thus big analytes such as virus and bacteria 
have difficulties being transported to the sensor. Moreover, as the analytes are collected 
by the functionalized sensor surface, depletion zone forms around the sensing area. The 
depletion zone is a region of very few analytes, within which the amount of analytes to 
reach the sensing surface per unit time is dramatically reduced. At low concentrations, 
this limitation would cause impractically long detection times until the surface reaches 
equilibrium. One may think of increasing the flow rate to deliver more analytes, however, 
it is impractical because the total mass transport varies weakly with flow rate. Not to 
mention the dram~ tic increase of the sample volume needed. 
One of the main conceptual constraints in previous approaches is that 
microfluidics and biosensing are always considered as different parts of a sensor platform. 
Previous chapter demonstrated a proof-of-concept hybrid biosensing system merging 
nanoplasmonics and nanofluidics in a single platform. The system has two microfluidic 
chambers, and a suspended plasmonic nanohole sensor is sealed between them. Inlet for 
the solt1tion is in the upper cha1mel while outlet is in the bottom channel. The analyte 
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solution is actively steered through the nanohole openings and then flows to the bottom 
channel. Unlike conventional approaches where the analytes simply flow over the surface, 
our platform enables active delivery of the analytes onto the sensor. 
In this chapter, we theoretically and experimentally demonstrate the benefits 
offered by the flow through scheme as compared to the flow over method. A physical 
intuitive scaling analysis was built for both schemes in Section 6.1. Section 6.2 covers the 
finite-element computations we used to support and extend our conclusions. Finally, 
performance of the scheme was studied by using streptavidin functionalized beads as 
analytes and biotinylated coated sensing surface, and the results are included in Section 
6.3. As we will show in this chapter the flow through scheme offers dramatic 
enhancement in both sensor performance and sensitivity. 
6.1 Scaling analysis 
To develop a physically intuitive and practical understanding of the benefits from flow 
through method, as compared to the established flow over scheme, we first present 
analytical calculations for the flow over and flow through systems. A scheme of the flow 
over model is shown in Fig 6.1a, where a sensor of width Ws = 60 11m and length L8 = 60 
11m, was placed in a micro-channel of height He = 100 11m and width W c = 100 11m. A 
solution of ana1ytes with concentration c0 = 100 nM and diffusivity D = 7 11m2 /s (a typical 
diffusivity for 50 nm radius particles in water) was consider to flow with rate Q = 5 
11Limin. The sensor was modeled as a flat square instead of nanohole arrays to simplify 
the calculation in this case. Reaction rate was assumed to be k0 11 = 7x l07 M- 1 and the 
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binding site density is b0 = 2x1012 sites/m2. 
The channel Peclet number, defined to be the ratio of the particle convection rate 
by the flow to diffusion rate, can be calculated by 
Equation 6.1 
This number indicates that the depletion zone is much thinner than the channel, in which 
case most of the analytes would go through the channel instead of diffusing to the sensor. 
The dimensionless mass transport flux delivered on to the sensor surface is then 
given by 
Equation 6.2 
In dimensional terms, the number of analytes transported to the sensor per second 
IS 
J over = Dc0W,Fover = 1.1 molecules/s Equation 6.3 
This indicates that only one analyte can be delivered onto the sensor surface every second 
by mass transport, and the collection of that analyte may be further lowered by fmite 
reaction kinetics. 
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Fig. 6.1 Illustrations of flow through and flow over models. 
(a) Illustration of the flow over model. Solution with analyte concentration c0 jlovvs with rate Q 
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through a micro channel of height He and width We. The sensor of length Ls and width Ws placed 
in the channel is functionalized with b0 binding sites per unit area. (b) Zoomed part of sensor 
area. The binding rate for reactions is k0 11, and the diffusivity of the analytes is D. (c) fllustration 
of flow through model. The nanohole sensor is placed between two micro channels. All the other 
parameters are the same as flow over model. (d) 2x2 nanohole array in the flow through model. 
The aperture is 200 nm in diameter and separated by 600 nm. Analyte solution flows from one 
channel to the other via the nanohole. The fimctionalized gold layer is 100 nm in thickness and 
the SiN supporting layer is also 100 nm. 
Damkohler number is defined as the ratio of reactive to diffusive flux. If reactions 
can bind analytes much faster than mass transport can supply, then the system is mass 
transport limited. Otherwise it is reaction limited. Damkohler number can be calculated 
by 
Equation 6.4 
As for kinetics, the flow over scheme is mass transport limited since Daover >> 1. 
This indicates that the equilibration is limited by the rate of target diffusion to the sensor, 
i~e. the chemical binding process is essentially instantaneous while the sensor is waiting 
hours or days for analytes to come. 
On the other hand, the flow through case is modeled as a suspended nanohole 
array sensor being placed between two flow channels, as shown in Fig. 6.lc. Other than 
that, all the parameters are the same as the flow over case. The nanohole array is 
patterned on a 100 nm thick SiN layer with a 100 nm gold layer. Nanoholes are R = 200 
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flow over sensor. This potential 1s further quantified below with finite element 
computations using COMSOL. 
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nm in diameter and P = 600 run in period. As a result, there are Nt101e = 104 nanoholes on a 
sensor. Analyte solution passes from one channel to the other through the nanohole array. 
Thus the flow rate through each nanohole is Qhole = Q/Nhole = 5 x 10-4 )lLimin (Fig. 6.1 d). 
For simplicity, the sensing area is taken as the gold inner hole surface. Similar to 
equation 1, the channel Peclet number for the flow through model is 
Pe = Qilole = 4x103 
hole 1lRJ) Equation 6.5 
and mass transport flux Fhole ~ 23. The number of analyte transported on to the sensing 
area is hole~ 6x 1 o-3 molecules/s. Thus, in total there are ]through = Nhoiehoie =60 molecules 
being delivered to the sensor per second. There are about 60 times more analytes being 
delivered to the sensor surface compared to the flow over case. Although this number 
comes from the mass transport alone, and finite reaction kinetics needs to be considered 
for actual analyte collection, there is still a dramatic improvement from the flow through 
method. The Damkohler number can be calculated from Equation 6.4: Dathrough~ 0.2. This 
number is neither large nor small, indicating that the sensor operates neither in a reaction 
limited nor a diffusion limited regime. 
The above analysis suggests that by enabling targeted delivery of analytes to 
sensing surface, the flow through method overcomes mass transport limitations. Almost 
60 times more diffusive analyte flux is transported to the sensing surface as compared to 
· flow over sensor. This potential is further quantified below with finite element 
computations using COMSOL. 
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6.2 Numerical Calculation fm:· Conventional and Actively Controlled Flow Scheme§ 
In order to quantitatively support the idea that flow through scheme offers better 
performance than conventional approach, we use COMSOL to numerically investigate 
the mass transport as well as the reaction kinetics for both schemes. 
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Fig. 6.2 Velocity distribution for flow-through and flow-over scheme. 
(a) Flow velocity distribution for conventional scheme. Laminar flow is formed inside the channel. 
Zoomed-in image shows the distribution around the sensor in details. (b) Flow velocity 
distribution for actively controlled flow scheme. Analy te solution is steered through the hole 
array and flows to the bottom channel. Zoomed-in image shows the flow is strong around the 
sensor. Color bar depicts the flow rate distribution of the solution. Scale bar indicates 400 nm. 
Steady state flow profiles were calculated first by solving Navier-Stokes 
equations in a 2D model. In the model, we use two microfluidic cham1els with 20 f.tm in 
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length and 5 11m in height. A row of 20 rods spaced by 0.6 11m represents the nanohole 
array. The opening on the top left side of the channel was used as inlet to pump analyte 
solution into the chamber at a flow rate of Sx 104 m/s. The openings at the bottom and the 
right side with no pressure applied were used as outlet for flow through and flow over 
schemes, respectively. Fig. 6.2 shows the steady state velocity distribution for both 
schemes, where the change in flow rate is highlighted as indicated by the color bar. For 
the flow over scheme (Fig. 6.2a), we observe the formation of laminar flow profile. The 
convective flow is fast close to the center of the channel but becomes very slow near the 
edges, as shown in Fig. 6.2a zoom in image. This implies that the depletion zones will 
extend further from the sensor surface causing ever slower analyte transport. On the other 
hand, convective flow is steered directly towards the sensor in the flow through scheme, 
as demonstrated in Fig. 6.2b. The flow is very strong around the sensing surface and 
turbulences are generated around the holes (Fig. 6.2b inset). Therefore, such a directed 
flow can strongly improve the delivery of the analytes to the sensor surface. 
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Fig. 6.3 Analyte concentration distribution for flow-through and flow-over schemes. 
(a) Analyte concentration in the flow over channel. Most of the analytes flow out before they can 
reach the sensing area. Zoomed-in image shows that depletion zone is form on top of the sensor. 
(b) Illustration of analyte concentration in the flow through system. Zoomed-in image shows that 
the depletion zone extends across the entire nanohole array as majority of analytes are 
transported to the sensing area. Color bar on the bottom right indicated the concentration 
gradient of the analytes in the solution. Scale bar indicates 400 nm. 
Knowing the flow velocity distribution; we can calculate the mass transport in the 
channels by solving a convection-diffusion equation: 
ac 
-+ \7. (-D'Vc+cv) = 0 
at Equation 6.6 
Where D denotes the diffusivity of the analyte (7 ).lln2/s), cis its concentration, and vis 
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the flow velocity we solved earlier. The initial condition sets for equation 6 is that at t = 0, 
c =co= 100 nM. 
As analyte is injected and flows onto the sensing area by convection and diffusion, 
receptors on the sensor surface start to capture the analyte particles. The finite reaction 
kinetics is given by first-order Langmuir: 
Equation 6. 7 
Where c5 is the analyte concentration on the sensor, b0 is the receptor density on the 
sensing surface, kon is the reaction association rate (7x l07 M-1) and korr is the 
disaSSOCiation rate (3 X 1 o-G S -I). . 
The coupling between the analyte concentration and the sensor surface was taken 
as a boundary condition in the convection-diffusion equation. The other boundary 
conditions considered were the concentration at the inlet ( c = c0 ) and at the outlet of the 
channel ( V ·(-DVc+ cv) = V ·cv ). It was assumed that other boundaries do not 
. contribute in the mass transport ( V · (-D V c + cv) = 0 ) . 
By solving Equation 6.6, we get the analyte concentration in solution within the 
fluidic channels for both schemes, as shown in Fig. 6.3 and highlighted with different 
colors. In the flow over case, the depletion zone is relatively thin compare to the channel 
height. As a result, most of the analytes flowed in the channel without getting close to the 
sensing surface for reaction. On the contrary, in the flow through case all the analytes are 
actively guided to go through the nanohole anay. The depletion zone extends over the 
hole area, indicating much more analytes are captured by the receptors on the sensor. 
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Fig. 6.4 Calculated time needed to reach binding equilibrium for analytes with different 
diffusivities. 
It is much harder for sensors to capture analyte in the flow over case when the analyte becomes 
bigger, diffuses slower. The diffusivity does not seem really affected in the flow through case. 
Inset shows the amount of analyte captured by a sensor as a fwiction of time for both flow 
schemes when the diffitsivity is assumed to be 70 f.J.nl!s. Red and blue dash lines indicate when 
the reaction reaches equilibrium for the flow through and flow over scheme, respectively. 
One can evaluate the performance of these two flow schemes by calculating the amount 
of time it takes to the system to reach the equilibrium. The bound analyte on the sensor 
surface was calculated as a function of time for both flow schemes when the diffusivity is 
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assumed to be 70 f1m2/s, and shown in the inset in Fig. 6.4. Herein, sensor reaches 
equilibrium 4 times faster in flow through case as compared to the flow over case. 
Furthermore, analytes with different diffusivities, were also analyzed in both flow 
schemes. Fig. 6.4 shows the time to reach equilibrium for flux of analytes with different 
diffusivities ranging from 0.7 f1m2/s to 7000 f1m2/s. In the flow through case, the sensor 
performance is barely affected by the analyte diffusivity, while for the flow over cases it 
becomes more difficult for the sensor to capture analytes with slower diffusivity. Overall, 
flow through method excels the flow over method in terms of sensor response time, 
especially when the diffusivities are slower. Given that bigger particles always diffuse 
slower in solution. This simulation shows that flow through method can dramatically 
improve the sensor performance when working with big . analytes. For instance, the 
diffusivity for a 50 nm radius particle in water is about 5 f1m2/s, likewise viruses such as 
HIV virus, vesicular stomatitis virus, and ebola virus are within this size range or bigger. 
Therefore the diffusivity of these big particles is slow and their detection on a sensing 
surface area is mostly time limited at low concentrations. Our approach overcomes this 
limitation and consequently can be extremely in a wide range of applications in point-of-
care diagnostics as well as infectious disease controls. 
6.3 Experimental Results with Virus-like Beads 
In this section, we expetimentally demonstrate that the flow through method yields better 
sensing performance in virus detection applications. In the following experiments, 70 nm 
diameter streptavidin coated polystyrene beads (Spherotech) are used as the analytes to 
114 
mimic viruses or other analytes of comparable size. 
Before measurement, the sensors were functionalized with biotinylated thiol 
(NanoScience Instruments) at a concentration of 0.5 mM in ethanol overnight. Then we 
cleaned these sensors twice with ethanol for 5 minutes each time, followed by water for 
another 5 minutes and blow dry them with nitrogen. After that, the sensor was placed in a 
customized flow chamber for further test. The chamber has two inlets/outlets both on top 
and bottom channels, as illustrated in Fig. 6.1a. To implement the flow over scheme, we 
blocked the inlet/outlet of the bottom channel. To steer the flow through the sensor, we 
blocked one of the openings on the top channel and pumped solution through the other 
one. For both flow schemes, the chamber was filled with PBS (10 mM phosphate buffer) 
first and the transmission spectrum was taken as reference. Then the streptavidin-bead 
solution (107 particles/ mL in PBS) was pumped into the chamber at a flow rate of 5 
J.!Limin. As the beads flowed onto the sensor, the streptavidin ligands bound to the 
biotinylated surface. As a result, beads were immobilized on the sensor surface, and the 
capturing event is detected by the red shift of the resonance wavelength. 
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Fig. 6. 5 Beads detection results for flow-through and flow-over schemes. 
(a) Real time sensor responses when a 107 particles/mL of streptavidin coated beads solution is 
inj ected for both schemes. Plot shows resonance shifts as a fitnction of time. Sensor reached 
equilibrium in 30 minutes for the actively controlled case, while fo r the conventional flow cell, 
equilibrium is reached after 4 hours of analyte injection, 8 times slower than the proposed flow 
scheme. The square data point (yellow) in the figure shows 3 nm shift resonance shift acquired 
using traditional incubation method for 3. 5 hours when no micro fluidic was involved. 
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Transmission spectra of the sensor in the actively controlled (c) and passive flow( d) case are 
shown. before (blue curve) and after (red curve) at approximately 40 minutes . Blue curves show 
the spectra obtained when the biotinfimctionalized sensors are immersed in PBS, before injecting 
the analyte solution. Red curves show the spectra recorded after approximately 40 minutes of of 
started the injection of anal)lte solution. At this point, the actively controlled flow system (c) has 
reached equilibrium, as indicated by black dashed circle in (a) and it is observed about 15 nm 
shift. Instead, the measurement collected at a similar time in the conventional flow system shows 
less than 2 nm shift. (e) SEM image of (he sensor after reaching the equilibrium in the actively 
controlled case. The sensor surface is uniformly covered with streptavidin beads. No clogging 
nor clustering is observed on top of the nanohole arrays. (f) SEM image of the sensor in the 
conventional flow scheme at 50 minutes. Barely no bead is observed on the sensor surface. (g) 
Fluorescent image in reflection mode of the sensor after being incubated with labeled biotin for 
the actively controlled flow case. Most of beads were captured around the nanohole array while 
· not on the bare gold surface, indicating that the actively controlled flow scheme enables efficient 
analyte delivery to the sensing area. (h) Fluorescent image in reflection mode of the sensor in 
passive flow scheme at minute 50. Image was taken after incubation with fluorescently labeled 
biotin. Very few green spots are found over the image, indicating small amount of streptavidin 
beads bound on the surface. 
The resonance shifts as a function of time for both schemes are shown in Fig. 6.5a. 
Sensor in the actively controlled flow mode (red curve) reaches equilibrium in less than 
25 minutes. Little resonance shift is observed from the sensor in conventional flow case 
within comparable time ( 40 minutes). At this concentration of beads it takes about 4 
hours for the sensor to saturate using the conventional scheme. As a result, there is a 10-
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fold improvement from the actively controlled flow scheme. From the practical point of 
view, this improvement is very useful for reducing diagnostic process time, and 
eventually the performance of the analysis especially when working with low analyte 
concentrations. Likewise, we also conducted an experiment using traditionally incubation 
method with zero flow rate. Herein, the sensor was placed in a sealed petri dish with 
analyte solution on the surface, and incubated for about 3.5 hours, and yet only 3 nm shift 
was obtained, as shown in Fig. 6.5. This demonstrates that the analyte delivery efficiency 
is extremely poor with diffusion alone and microfluidics play a critical role improving the 
mass transport problem. Fig. 6.5b & c shows the spectra after approximately 40 minutes 
of started the injection of beads, when the sensor reaches equilibrium in the actively 
controlled flow case and when the analytes are still binding slowly to the sensing surface 
in the conventional flow case. This snapshot shows about 15 nm resonance shift detected 
on the sensor placed in the actively controlled flow scheme, as compared to less than 2 
nm shift from sensor placed in the conventional flow scheme. These results confirm our 
previous calculations and show that within the same time range; much more beads are 
transported and captured by the sensor in the proposed scheme. To further demonstrate 
this result, SEM images of the sensors were taken for both schemes. In the actively 
controlled flow case, large amounts of beads are uniformly immobilized on the sensor 
surface (Fig. 6.5d). No clogging or clustering was observed. While for the other scheme, 
only few beads are found on the sensor (Fig. 6.5f). The advantage of the actively 
controlled flow method was also confirmed by fluorescent measurement in reflection 
mode. A 1.5 nM solution of biotin-fluorescein (Thermo Fisher Scientific - Pierce) was 
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incubated on the samples after the streptavidin-beads were adsorbed. Fig. 6.5f shows the 
now fluorescently labeled beads supported within the actively controlled flow scheme. 
Instead almost no fluorescent signal is detected on the sensor embedded in a conventional 
flow scheme (Fig. 6.5g), confirming the lack of streptavidin beads on the surfaces. In 
addition, both SEM and Fluorescence results show that the actively flow not only 
promotes the transport of analytes to the sensor but also guides effectively these analytes 
to the hole array area. This represents an additional advantage of our approach, as the 
amount of analytes adsorbed outside the sensing are is minimal and undetectable binding 
losses are avoid. 
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Fig. 6. 6 Quantitative measure11zents of 70 nm size streptavidin beads with different 
concentrations. 
Resonance shifts shown are the equilibriums for solution concentrations ranging from I 03 to I 07 
particles per mL. Control represents the reaction between unfimctionalized sensor and I 07 
particles/mL analyte solution. 
119 
Given the fact that actively controlled flow method dramatically improves the sensor 
response, we investigate the detection limit of our sensor as well as the repeatability of 
the platform using 70-nm streptavidin coated beads (Fig. 6.6). Five different 
concentrations of beads, ranging from 103 to 10 7 particles/mL and separated by 1 order of 
magnitude, are evaluated using the actively controlled flow scheme. A non-biotinylated 
sensor surface is taken as the control, in which case interaction with the beads should be 
minimal or zero. At least four independent experiments have been done for each 
concentration solution. In each experiment, the chamber is first flow with PBS, and the 
resonance wavelength is taken as reference. Then, the sample solution is injected at a 
flow rate of 5 11Limin and the resonance shifts are recorded after equilibrium (Fig. 6.6). 
For the control experiments, resonance shift less than 0.5 nm is observed, indicating 
minimal non-specific binding between the surface and the analytes. From this experiment, 
a concentration curve is obtained over 5 orders of magnitude. Resonance shifts are 
reproducible at each concentration evaluated and allows performing quantitative 
measurement. Notably, diluted samples with a concentration as low as 103 particles/mL 
show 1 nm shift on average, which is clearly distinguishable compared to the control 
sensors. Given that a detection limit of 107 PFU/mL is usually sufficient for clinical 
applications, it is very likely that our platform has the potential for rapid and sensitive 
clinical diagnosis. 
Conclusion 
This work presents a fluidic biosensing platfonn for fast, compact, quantitative and label-
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free sensing of particles that mimic virus behavior in solution. We demonstrated that our 
flow through approach significantly improves the sensor performance as compared to the 
conventional fluidic schemes. The ·detection time was reduced by 8-fold using our 
technique. A dynamic measurement of 5 orders of magnitude ranging from 103 to 107 
particles/mL is shown and results could be translated to other medical diagnostics. The 
detection limit we demonstrated is sufficient for most of the clinical applications, yet the 
limits could be further push by optimizing the binding capabilities of the sensing surface 
area. We believe this proposed platform can be directly utilized in drug screening, disease 
diagnostic as well as typical clinic studies. 
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Chapter 7 
Conclusions and Future Work 
7.1 Conclusions 
Major contributions of this work are as follows: 
N anoplasmonic biosensor for direct detection of live viruses from biological media 
In this work, a label-free nanoplasmonic sensor that can directly detect intact viruses 
from biological media at clinically relevant concentrations with little to no sample 
preparation is demonstrated. The sensing platform is based on an extraordinary light 
transmission effect in plasmonic nanoholes and utilizes group-specific antibodies for 
highly divergent strains of rapidly evolving viruses. Detection and recognition of small 
enveloped RNA viruses (vesicular stomatitis virus and pseudotyped Ebola) as well as 
large enveloped DNA viruses (vaccinia virus) within a dynamic range spanning 3 orders 
of magnitude are also demonstrated. This platform, by enabling high signal to noise 
measurements without any mechanical or optical isolation, opens up opportunities for 
detection of a broad range of pathogens in typical biology laboratory settings. 
Large-scale plasmonic microarrays for label-free high-throughput screening 
Microarrays allowing simultaneous analysis of thousands of parameters can significantly 
accelerate screening of large libraries of pharmaceutical compounds and biomolecular 
interactions. For large scale studies on diverse biomedical samples, reliable, label-free, 
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and high-content rrucroarrays are needed. In this work, usmg large-area plasmonic 
nanohole arrays, we demonstrate for the first time a large-scale label-free microarray 
technology with over one million sensors on a single microscope slide. A dual-color filter 
imaging method is introduced to dramatically increase the accuracy, reliability, and 
signal-to-noise ratio of the sensors in a highly multiplexed manner. We used our 
technology to quantitatively measure protein-protein interactions. Our platform, which is 
highly compatible with the current microarray scanning systems can enable a powerful 
screening technology and facilitate diagnosis and treatment of diseases. 
Integrated nanoplasmonic-nanofluidic biosensors with targeted delivery of analytes 
Performances of the biosensors ·are often limited by the depletion zones created around 
the sensing area which impedes the effective analyte transport. To overcome this 
limitation, we propose and demonstrate a nanoplasmonic-nanofluidic sensor enabling 
targeted delivery of analytes to the sensor surface with dramatic improvements in mass 
transport efficiency. This scheme allows three-dimensional control of the fluidic flow by 
connecting separate layers of microfluidic channels through plasmonic/nanofluidic holes. 
Quantitative and label-free sensing of particles that mimic virus behavior in solution is 
demonstrated and the flow through approach significantly improves the sensor 
perfo1mance as compared to the conventional fluidic schemes. The detection limit we 
demonstrated is sufficient for most of the clinical applications, yet the limits could be 
further push by optimizing the binding capabilities of the sensing surface area. We 
believe this proposed platform can be directly utilized in drug screening, disease 
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diagnostic as well as typical clinic studies. 
Flexible plasmonics on unconventional and nonplanar substrates 
NSL is demonstrated for the first time to enable single-step, high-throughput, high-
resolution and large-area fabrication of nanostructures on flexible and elastomeric 
substrates at dimensions relevant for nanophotonics, plasmonics, and metamaterials. The . 
resolution limit of NSL can be improved by using polymeric substrates that have 
adhesive surface properties, such as PDMS. NSL can replicate the resolution of gold-
standard EBL down to 1 Onm accuracy. NSL can also be used to access highly durable 
and stretchable substrates (such as LDPE) for active tuning of plasmonic resonances. 
Integration of plasmonics and metamaterials on nonplanar surfaces can lead to new 
functional probes and a variety of novel applications. The presented high-throughput 
fabrication method by offering single-step patterning of features with sub-1 00 nm 
dimensions on a variety of unconventional substrates could be essential for emerging 
technologies based on flexible photonics/electronics, as well as for scientific progress in 
many different fields including biology, materials science, and sub-wavelength optics 
7.2 Recommendations for Future work 
Work in this thesis has opened up several new avenues for investigation 
Multiplexing capabilities of the plasmonic microarray 
Compared to other nanobiosensors, our plasmonic platform usmg DcFI method is 
compatible with the existing infrastructure of conventional microanay spotters and 
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scanners. This scheme provides a high-throughput method to track the interactions and 
activities of proteins, and to determine their function, and determining function on a large 
scale. For example, a library of antibodies or aptamers can be spotted on the microarray. 
Analysis of the resulting binding reactions can provide information about expression 
levels of particular proteins in the sample as well as measurements of binding affinities 
and specificities. Simultaneous analysis of thousands of parameters can significantly 
accelerate screening of large libraries of pharmaceutical compounds and biomolecular 
interactions. Another application is in the identification and profiling of diseased tissues. 
Actively controlled flow scheme for direct detection of live viruses 
We have demonstrated that the flow scheme can dramatically improve sensor 
performance by actively deliver analytes to the sensor surface using particles mimic the 
virus behavior. However, in order to demonstrate the applicability of our sensing 
platform in biologically relevant systems, we need to extend the experiments to the 
detection of intact viruses directly from biological media. These conditions provide a 
number of potentially confounding factors (high serum albumin levels, immunoglobulins, 
and growth factors) that could add unwanted background signal. This will be an 
important and interesting test for the robustness of our detection platform. 
Compact sensing system for point-of-care applications 
The collinear excitation/collection coupling scheme combined with the small footprint of 
the sensors provide unique opportunities to be merged with recently emerging 
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complementary technologies, such as lens-free on-chip microscopy and imaging. The 
ideal system will only have three parts: an illumination source (such as lasers and light-
emitting-diodes), a holder for sensors and a detection element (such as small CCD and 
CMOS detector-arrays). The resonance shift due can be detected by monitoring the 
transmission intensity change using the DcFI method. This compact device can become 
widely applicable to various problems even in resources limited settings. Furthermore, 
the holder for sensor can be designed to be a PDMS microfluidics enabling actively 
controlled analyte delivery. 
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